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Abstract 
 
In this dissertation, inelastic light (Raman) scattering techniques are used to probe the novel 
phases and properties of the orbital ordering material KCuF3 and the single molecule magnet 
Mn12-acetate as functions of temperature, applied pressure, and applied magnetic field.  Single 
crystal samples of KCuF3, Mn12-acetate, 1T-TiSe2, and Bi2Se3 are also grown as part of this thesis 
work. 
 
Our experiments on KCuF3 provide evidence that the Kugel and Khomskii description of 
orbital ordering does not, by itself, explain orbital ordering behavior in this material, as is 
commonly believed. This evidence includes the observation of temperature-dependent phonon 
mode softening below the putative orbital-ordering transition—suggesting that a lattice 
instability persists below this transition—and a previously unidentified tetragonal-to-
orthorhombic structural transition near TS=50 K at temperatures slightly higher than the onset 
of Néel order, TN=40 K. A model based on these observations, developed by Siddhartha Lal and 
Paul Goldbart, suggests that the orbital ordering transition in KCuF3 takes place in two steps: a 
high temperature transition (T>800 K) removes some of the d-electron level degeneracy, but 
leaves a pair of nearly degenerate hybrid states whose degeneracy is split by the structural 
transition near TS=50 K. 
 
Our pressure-dependent, low-temperature Raman measurements also show that applied 
pressure above       kbar suppresses the low temperature structural phase transition 
temperature to zero temperature in KCuF3, resulting in the development of a quasielastic 
fluctuational response near T  0 K. This pressure-induced fluctuational response—which we 
associate with slow fluctuations of the CuF6 octahedral orientation—is temperature 
independent and exhibits a characteristic fluctuation rate that is much larger than the 
temperature, consistent with quantum fluctuations of the CuF6 octahedra. We show that a 
model of pseudospin-phonon coupling—where the pseudospin represents distinct orientations 
of the CuF6 octahedra—provides a qualitative description of both the temperature-dependent 
iii 
 
“soft mode” behavior exhibited by F ion vibrations and the pressure-dependent evolution of 
fluctuational (quasielastic) scattering in KCuF3. 
 
In Mn12-acetate, our temperature-dependent Raman measurements reveal anomalous 
phonon behavior near 200 K, indicating a structural transition to a lower crystal symmetry 
below 200 K. These results support the inclusion of a second-order rhombic term      
    
   
in the spin Hamiltonian, which would be consistent with phonon-assisted tunneling in Mn12-
acetate. The phonon modes in the range 100 cm-1 to 550 cm-1—which involve Mn ion 
vibrations—are consistent with previous theoretical and infrared studies and make an 
important contribution to the fourth-order anisotropy energy. Our field-dependent 
measurements at T  3 K show that a magnetic field oriented perpendicular to the Mn12 
magnetization direction (the “hard plane” direction) does not affect the phonon vibrational 
energies. However, when the magnetic field is oriented along the easy-axis direction, there is a 
clear phonon mode splitting at 540 cm-1, indicating a strong spin-phonon coupling associated 
with this phonon mode in Mn12 acetate. An applied field oriented in the longitudinal direction 
induces a small tilt of the anisotropy axis responsible for the odd resonance tunneling. The 
molecular relaxation rate—inferred from the linewidth of the Raman-active phonon—increases 
significantly with increasing magnetic field at T=3 K, indicating an important spin relaxation 
contribution to the quantum tunneling magnetization at low temperatures. Pressure-
dependent Raman results at T=3 K reveal a pressure-induced structural phase transition near 15 
kbar associated with the Mn3+ center; this transition is believed to reflect a saturation of the 
pressure-induced Jahn-Teller distortion.  
 
Financial support for this research was provided in part by the Department of Energy under 
Grant No.  DE-FG02-07ER46453.  
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Chapter 1: Introduction 
 
Recently, there has been substantial theoretical and experimental interest in strongly 
correlated electronic materials. Strongly correlated materials are a wide class of materials in 
which the different degrees of freedom, i.e., the lattice, spin, charge and orbital degrees of 
freedom, all interact to yield rich phase diagrams. These materials have some unusual (often 
technologically useful) electronic and magnetic properties, such as colossal magnetoresistance 
[1.1], where enormous variations in resistance are produced by small magnetic field changes, 
and high-temperature superconductivity [1.2]. 
 
Typically, strongly correlated materials have incompletely filled d or f electron shells with 
narrow bands. One can no longer consider any electron in the material as being in a sea of the 
averaged motion of the other electrons. Each electron has a complex influence on its neighbors. 
The term strong correlation refers to behavior of electrons in solids that is not well-described 
(often not even in a qualitatively correct manner) by simple one-electron theories such as 
Hartree-Fock theory. Consequently, strongly correlated materials have electronic properties 
that are neither simply free-electron-like nor completely ionic, but a mixture of both. 
Experimentally, inelastic x-ray scattering [1.3], Raman [1.4] and inelastic neutron spectroscopy 
[1.5] have been used to study the electronic and magnetic excitations of the strongly correlated 
materials. The temperature-, field-, and pressure-dependences of the experimentally obtained 
spectra can reveal complex phase transitions, such as charge-and orbital-ordered transitions 
and metal-insulator transitions [1.6]. 
 
1.1 Why these materials? 
1.1.1 KCuF3 
Potassium copper trifluoride (KCuF3) has attracted significant theoretical and experimental 
interest since the 1960s [1.7, 1.8] as an interesting strongly correlated material. It is a nice 
system for studying a number of collective phenomena, including cooperative Jahn-Teller (JT) 
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effects, in which a collective distortion of the lattice lowers the electronic degeneracy of a 
material; orbital ordering (OO), in which the electrons in a solid occupy a pattern of non-
degenerate orbital configurations in the lattice; and low-dimensional magnetism, as KCuF3 is 
one of best realizations of a one-dimensional (1D) antiferromagnetic (AFM) Heisenberg chain. 
KCuF3 stands with LaMnO3, the parent compound of the CMR manganites, as role models for 
orbital ordered compounds, where collective orbital modes may occur in the excitation 
spectrum. 
 
The original assignment of tetragonal symmetry in KCuF3 was challenged by electron 
paramagnetic resonance (EPR) [1.9] and XRD measurements [1.10], based upon the observation 
of a Dzyaloshinky-Moriya (DM) antisymmetric exchange interaction between spins on the c-axis. 
Specifically, the DM interaction is not allowed for the tetragonal crystal symmetry originally 
proposed for KCuF3. Eremin et al. [1.11] proposed that there is a thermally fluctuating 
displacement of the apical F ions, associated with a dynamical DM interaction, which is 
consistent with XRD measurements of Hidaka et al. [1.10]. This result suggests that the F-ion 
displacements dynamically fluctuate at intermediate temperatures, but then freeze in at a 
lower temperature, inducing a static reduction of the lattice symmetry. Paolasini and coworkers 
[1.12] reported an X-ray resonance scattering study of the OO-superlattice reflection in KCuF3 
and found a considerable increase of its intensity above TN, indicating changes of the lattice 
degrees of freedom prior to magnetic ordering. Another important experiment was done in a 
near infrared (NIR) absorption measurement by Deisenhofer et al. [1.13]. They observed a 
dynamic DM-interaction onset of fine structure in near infrared absorption spectra, 
corresponding to electric dipole transitions between the crystal field split d-orbital states below 
50 K, which suggests a change of the local Cu-F crystal structure at that temperature.  
 
Despite all the research that has been performed on KCuF3, there are still many important 
unanswered questions remaining. For instance, we do not have a clear explanation as to why 
the orbital ordering temperature T0=800 K and the Néel temperature TN≈40 K are so different in 
KCuF3, why tetragonal symmetry exhibits local orthorhombic fluctuations at temperatures 
3 
 
down to 50 K, why the in-plane and c-axis exchange couplings differ by two orders of 
magnitude, and why the apical F ions fluctuate down to 40 K.  In this thesis work, we grew high 
quality single crystal samples of KCuF3 and performed temperature- and pressure-dependent 
inelastic light (Raman) scattering measurements to investigate these puzzles.  
 
1.1.2 Mn12 acetate 
[Mn12O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O (abbreviated as Mn12 acetate) is one of the most 
studied single-molecule magnets (SMMs) materials [1.14], which show magnetic hysteresis 
behavior having a purely molecular origin below a certain temperature.  Although Mn12 acetate 
was discovered more than 30 years ago, it did not attract great attention until quantum 
tunneling effects were observed in this material by Friedman in 1996 [1.15] and confirmed 
shortly thereafter by Hernandez [1.16] and Thomas [1.17]. Their results showed that the 
hysteresis loops in Mn12 acetate exhibit a series of steps—which are now believed to be 
associated with magnetic-field-induced quantum tunneling—below the so-called blocking 
temperature (the temperature below which the Mn12 molecules behave as independent objects) 
of 3 K.  
 
In spite of much study, the source of quantum tunneling in Mn12 is still not clear. The lowest 
transverse anisotropy term allowed by the tetragonal symmetry of Mn12 acetate is         
  
  
  , which adds a selection rule allowing only magnetization jumps given by          
        for the ground-state tunneling to happen. Experimentally, however, all magnetization 
steps are observed with no clear differences in amplitude. Dipolar fields and hyperfine 
interactions are too weak to cause the rapid tunneling rates [1.18], even though they allow all 
magnetization jumps. Chudnovsky et al. [1.19] claimed that dislocations in Mn12 acetate crystals 
should be the main source of spin tunneling in the Kelvin and subKelvin temperature ranges, 
and proposed that local rotations of the easy axes due to dislocations can give rise to the 
effective transverse field which unfreezes odd resonances. But later, results by Cornia et al. 
[1.20] left the Chudnovsky proposal in doubt. The high field electron paramagnetic resonance 
(HF-EPR) results of Cornia et al. show that the magnetocrystalline anisotropy is only slightly 
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affected by perturbations of the crystal structure involving the metal coordination. 
Furthermore they attributed the source of tunneling to isomer disorder in Mn12 acetate. 
Specifically, the variation in the hydrogen bonding of the Mn12 molecules with neighboring 
acetic acids leads to a distribution of quadratic (rhombic) transverse anisotropy, and 
consequently, to a tunneling splitting experienced by the molecules.  
 
Recently a far-infrared absorption study on Mn12 acetate [1.21, 1.22] shows that some 
intramolecule vibrations are coupled to the spin system and there is a similarity between the 
temperature- and field-dependent absorption-difference data, indicating some phonon modes 
involving Mn3+ motion on the crown. Furthermore, Pederson et al. performed an accurate 
density-functional theory (DFT)-based calculation on the Mn12 acetate molecule [1.23]. Their 
results suggest that vibron-spin coupling accounts for most of the fourth-order anisotropy 
Hamiltonian. They also predicted theoretically the frequencies of certain Raman active modes 
that might be related to the fourth-order anisotropy terms in Mn12 acetate. In order to 
investigate how phonon vibrations affect the anisotropy barrier and participate in phonon-
assisted tunneling in Mn12 acetate, in this thesis we have grown high quality single crystals of 
Mn12-acetate in order to perform the first  Raman scattering study of Mn12 acetate as functions 
of temperature, pressure and magnetic fields.   
 
1.2 The scope of this thesis 
The rest of this thesis breaks into two main sections. The first section includes Chapters 2-4 
where I will discuss: the theoretical description of Raman scattering (Chapter 2); the 
experimental details for Raman system (Chapter 3); and the single crystal growth methods and 
characterization for the materials we used in this thesis (Chapter. 4). The second section will 
contain the detailed results and discussion for two different samples, namely, KCuF3 in Chapter 
5 and Mn12 acetate in Chapter 6. A brief conclusion will be given in Chapter 7. 
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Chapter 2: Theory of Raman Scattering 
 
2.1 Introduction 
When a monochromatic light beam is incident on a transparent material, most of the light 
energy is transmitted, but some scattering of the incident radiation occurs. If the frequency 
content of the scattered radiation is analyzed, not only will radiation having the same 
wavelength as the incident radiation be observed, but also radiation having different 
wavelengths will be present. Such scattering of radiation with a change of wavelength 
(frequency and energy) is called Raman scattering, named after the Indian scientist C. V. Raman 
who, with K. S. Krishnan, first observed this phenomenon in liquids in 1928 [2.1]. Due to its very 
low scattering efficiency (approximately 1 in 10 million for the ratio of inelastically to elastically 
scattered photons), Raman spectroscopy did not become popular until powerful laser systems 
were available after the 1960s. Now, Raman spectroscopy has become one of the most popular 
approaches for studying a variety of elementary excitations in materials, such as lattice 
vibrations, magnetic excitations, and electronic excitations [2.2].  
 
The origin of the modified frequencies found in Raman scattering is explained in terms of 
energy transfer between the incident radiation and the scattering medium. When a material 
interacts with radiation of frequency  , the material can make an upward transition from a 
lower energy level   to an upper energy level    by acquiring the necessary energy     
(      ) from the incident radiation. The energy    is expressed in terms of a frequency 
    associated with the two levels involved,  
            (2.1) 
 
This energy requirement is associated with the absorption of one photon of the incident 
radiation having frequency    and the simultaneous emission of a photon of smaller energy 
         in a process known as Stokes Raman scattering. Alternatively, the interaction of 
the radiation with the system can cause a downward transition from a higher energy level to a 
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lower energy level, involving a photon of the incident radiation of energy    and the emission 
of a photon of higher energy          in a process known as anti-Stokes Raman 
scattering. The two different processes are illustrated in Figure. 2.1.  
 
Figure 2.1 Diagrammatic representation of an energy transfer model of Rayleigh scattering, 
Stokes Raman and anti-Stokes Raman scattering. 
 
In the case of Rayleigh scattering, although there is no resultant change in the energy state of 
the material, the material still participates directly in the scattering action, causing one photon 
of incident radiation   to be absorbed and a photon of the same energy to be simultaneously 
emitted. 
 
It is common to present the Raman energy shift of an excitation created in the Raman 
scattering process using units of  wavenumbers (cm-1), where 1 cm-1  0.124 meV  1.44 K. 
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Figure 2.2: Illustration of an ideal inelastic scattering experiment where light of frequency ωi 
and wavevector Ki is incident on a scattering medium of volume V. Light of frequency ωs and 
wavevector Ks is scattered into the detector. 
 
Figure 2.2 is an illustration of an idealized scattering experiment used in a typical Raman 
measurement. In the next few sections, I will describe the derivation of the differential 
scattering cross section using classical and quantum mechanicals methods, and discuss how 
Raman scattering is used to probe elementary excitations.  
 
2.2 Classical Derivation of the Scattering Cross Section 
In the classical picture, the interactions of electromagnetic waves with the fundamental 
properties of the medium are described by Maxwell’s equations [2.3]: 
        (2.2) 
        (2.3) 
      
  
  
                                                                        
       
  
  
                                                                    
where B is the magnetic field, E is the electric field, H is the magnetic field strength, ρ is the 
charge density, J is the current density, and D is the electric displacement field   given by 
         (2.6) 
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where   is the permittivity of the scattering medium and P is the polarization. The electric field 
associated with the scattered light can be derived from Maxwell’s equations via a Fourier 
transform with respect to time, 
      
            
  
 
   
                                                                
where           is the wavevector,    is the refractive index of the medium,    is the 
frequency of scattered light, and c is the velocity of light.  The solution of equation (2.7) can be 
written as  
         
         
 
 
  
 
      
                
                             
The integration in equation (2.8) is over the scattering volume denoted V. The scattered light is 
measured far from the scattering region (where         ). The intensity of the scattered light 
with a polarization    can be written as [2.4]  
                        
    (2.9) 
From the above electric field equations (2.8) and (2.9), the total scattered intensity is given by 
[2.4] 
             
  
 
      
                                  
                        
 (2.10) 
where       is the rate at which energy reaches the detector. The differential scattering cross 
section is defined as [2.4] 
   
     
  
  
  
 
   
   
                                                                        
The prefactor      is used to account for the incident photon energy and the scattered 
phonon energy.  Thus the differential scattering cross section [2.4] is 
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Replacing        using a Fourier transform in k-space, we have the simplified equation [2.4] 
   
     
 
    
     
                
      
                                                   
From equation (2.13), we can see that the cross section is proportional to the scattering volume 
and the frequency factor    
 . The pair correlation function       
                        
determines the strength and shape of the scattered spectrum. Because the correlation function 
relates the scattering cross section to fluctuations in the polarization, any excitation that can 
modulate the polarization can give rise to inelastic scattering, such as vibrational (e.g., 
phonons), magnetic (e.g., magnons), or electronic excitations. The polarization can be 
expanded in term of susceptibility using perturbation theory [2.4] 
                  (2.14) 
In equation (2.14),   and    are the first and second order susceptibility derivatives that reflect 
the induced modulation of the medium (the higher order terms have been ignored). If only the 
first order inelastic contribution of the susceptibility in the polarization is kept, the differential 
scattering cross section can be rewritten as [2.4] 
   
     
 
    
     
           
          
                                          
where    is called Raman tensor and can be calculated based on the specific symmetry of the 
crystal [2.4]. It can be seen from equation (2.15) that the differential scattering cross section is 
proportional to the scattering volume V and the ratio of refractive indices of the incident and 
scattering media. The differential scattering cross section also depends on the polarization of 
the incident and scattered light, which provides a way to identify the symmetry of the 
excitations in the scattering medium.  In our experiments, we use a “back-scattering” geometry, 
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in which the incident and scattered wavevectors are directed along the z and –z directions, 
respectively, where z is defined as normal to the surface of the sample.  
 
2.3 Quantum Mechanical Derivation of the Scattering Cross Section 
The quantum mechanical description for the interaction of the radiation field with the medium 
is given by the Hamiltonian, 
    
 
  
   
 
 
     
 
             (2.16) 
where  is the momentum operator,   is the vector potential,     is the scalar potential, e is 
the electron charge, and c is the speed of light.  
 
The mean intensity of the incident beam can be expressed in terms of the number of incident 
photons   in the scattering volume V, as [2.4] 
    
     
  
  
                                                                                   
The scattering cross-section is defined as the rate of removal of energy from the incident beam 
divided by incident-beam intensity. The transition rate for the removal of energy from the 
incident beam can be given by      , where   is the transition rate from the initial state to the 
final state. Thus we have following scattering cross-section [2.4] 
  
   
    
 
   
    
                                                                          
where the transition rate   can be obtained from the transition probability between the initial 
state       and the final state       according to Fermi’s Golden Rule [2.5] 
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The matrix element             is defined as the T-matrix. The differential scattering cross-
section is calculated from equation (2.19)  
   
     
 
    
   
         
             
 
 
                                      
where the T-matrix can be calculated for a specific excitation. In the following section, we will 
describe the detailed calculation of the differential scattering cross-section for phonon 
excitations, which are one type of excitation studied in this thesis work.  
 
2.4 Phonons 
A phonon is a collective excitation of the atoms in a periodic condensed matter system. It 
represents an excited state in the quantum mechanical description of the  lattice vibrational 
modes in a crystal. The interaction of incident light with phonons occurs via a third-order 
process, shown in Figure 2.3. First the incident light photon creates electron-hole pairs and the 
excited electron subsequently interacts with the lattice via the electron-phonon interaction [2.6] 
 
 
Figure 2.3: Feynman diagram for light scattering from phonons. The solid lines represent 
electron propagators, the wavy lines represent photon propagators, and the dashed line is the 
phonon propagator. Each vertex represents an interaction that is included in determining the 
Hamiltonian for the process [2.6]. 
 
In the classical description, the phonon excitation can be modeled as a damped harmonic 
oscillator with a natural frequency   and a damping rate  , exposed to an external force F and 
a driving frequency  . Then the equation of motion for the amplitude   of the phonon 
vibration can be expressed as  
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          (2.21) 
Applying a Fourier transformation, the response function can be obtained from (2.21)  
     
 
          
                                                                        
The fluctuation-dissipation theorem can be written as a function of the dynamical variable  : 
  
 
 
          
 
 
      
 
 
         (2.23) 
where      is the Bose-Einstein thermal factor 
     
 
             
                                                                     
By substituting equation (2.22) into equation (2.23) then we can get the differential scattering 
cross section  
   
     
 
    
 
         
          
 
 
 
        
   
        
 
     
              
This equation assumes that the excitations can be described as harmonic oscillators and the 
Lorentzian lineshape for the phonons is predicted. If other degrees of freedom coupling with 
phonons are considered, the lineshape will be different.   
 
In the quantum mechanical description, the phonon scattering process is described by the 
Feynman diagram shown in Fig. 2.3 [2.6]. The differential scattering cross section computed 
from the T-matrix with time-reversal symmetry is given by 
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where     is the electron-radiation interaction Hamiltonian,     is the electron-phonon 
interaction Hamiltonian and    and    are intermediate states.  
 
2.5 Symmetry Selection Rules 
The symmetry properties of an excitation can be obtained from the differential scattering cross 
section given above: 
  
  
       
     
 
                                                                    
This term is required to be invariant under the group symmetry operations of the scattering 
crystal by Neumann’s principle [2.7], which states that if a crystal is invariant with respect to 
certain symmetry elements, any of its physical properties must also be invariant with respect to 
the same symmetry elements. 
 
The incident light polarization    and scattered light     are described by the three-dimensional 
polar-vector representation     of the scattering crystal's point group. Neumann’s principle 
requires that only the excitation symmetries that are contained in the decomposition of 
       
  are allowed in a Raman scattering measurement. The matrix elements for the Raman 
tensors for all 32 point groups have been reported in previous references [2.8]. In the following 
we will take KCuF3 as an example to show how to get the Raman tensor and the related Raman 
phonon mode symmetries from the crystal symmetry. 
 
2.5.1 KCuF3 
There are two different tetragonal crystal polymorphs of KCuF3 that are stable at room 
temperature [2.9], i.e., an a-type structure (space group       ) and a d-type structure (space 
group       ). These polymorphs have slightly different arrangements of the fluorine ions. In 
this thesis, only the a-type structure KCuF3 was studied and will be considered.  According to 
[2.10], KCuF3 was assigned the space groups of    
   for the a-type polymorph with the unit cell 
of              , where          is the unit cell of the pseudo-perovskite structure. 
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The primitive unit cell can be written in term of the unit vectors             ,    
           and             . If the laboratory axes (x, y, and z) are defined along the axes  
         , the Raman tensors can be written as follows [2.11]:  
      
   
   
   
 ,       
   
   
   
 , (2.28) 
       
    
   
   
 ,   (2.29) 
     
   
   
   
 ,     
    
   
    
 ,  (2.30) 
In the following, we represent the scattering geometry associated with the incident (ei)  and 
scattered (es) light polarizations as “ei es” where ei and es can be oriented along x=(1,0,0), 
y=(0,1,0), or z=(0,0,1) directions.  For example, the “xx” scattering geometry corresponds to 
ei=x=(1,0,0) and es=x=(1,0,0).  For the   
   space group, one     mode and two     modes are 
expected in the xx (= yy) scattering geometry; the     mode is also expected to be observed in 
the zz geometry, while a     mode is expected in the xy scattering geometry; three    modes 
are expected in the zx(= zy) scattering geometry. Thus the Raman-active phonon modes can be 
written using the notation of the irreducible representations of the respective point groups    
   
as follows: 
                               (2.31) 
The Cu ions are not involved in any Raman-active phonon modes, as they are located at 
inversion centers, and Raman-active excitations involve even-parity modes in crystals having 
inversion symmetry. Vibrations of the    ions perpendicular to the c-axis in the        
structure give rise to the    modes. These modes also involve vibrations of the   sublattice 
perpendicular or parallel to the c-axis. The    ,    , and     modes arise from the    ions 
vibrating perpendicular to the c-axis. In addition, the     mode contains vibrations of the    
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sublattice along the c-axis. We will discuss the detailed temperature and pressure 
measurements of KCuF3 in the next chapter.   
 
2.5.2 Mn12 acetate 
Although single crystal Mn12 acetate has been determined by X-ray scattering to have a 
tetragonal symmetry (a=b=17.319 , and c=12.388  ), due to the large number of atoms (over 
80) in the Mn12 acetate cluster, a group theoretical approach to all Raman peak assignments is 
difficult. Pederson et al. [2.12] calculated the Raman intensities for modes that are primarily 
responsible for the formation of the vibrational fourth-order magnetic anisotropy. North et al. 
[2.13] performed a room temperature Raman scattering study of Mn12 in the frequency range 
200 cm-1 and 1800 cm-1, the results of which are summarized in Table 2.1. 
 
Table 2.1: Experimental Raman modes and theoretical calculations of vibrational modes for 
Mn12 acetate [2.13] 
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By comparison with the previous studies (Table 2.1), our room temperature Raman phonon 
modes match their results (see for example, Fig. 4.16), confirming the high quality of our 
samples.  
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Chapter 3:  Raman Scattering Experimental Details 
 
3.1 Raman System 
In this chapter, I will describe the Raman scattering system used in our experiments. First, I will 
explain the experimental components, including the excitation sources, optics, spectrometers, 
and detectors. Figure 3.1 shows a schematic of our Raman scattering system. Second, I will 
show our unique sample control environment that allows us to control simultaneously and 
independently the temperature, magnetic field and pressure of the sample for Raman 
scattering measurements.    
 
3.1.1 Excitation Source 
Usually lasers are the most popular light sources used in Raman scattering measurements 
because of their important properties such as high intensity, small bandwidth, collimation and 
definite polarization. Raman scattering is an inherently weak process and the high power 
source (>10mW) makes it possible to detect the weak excitations. The highly collimated light 
makes it possible to measure small samples on the order of 1 mm2 or less, and the polarized 
beam can probe a specific excitation symmetry.   
In our measurements, we used a continuous wave (CW) krypton-ion laser (Coherent Inc. 
Innova-90K), whose major operating wavelengths are listed in Table 3.1.  Among the many 
discrete wavelengths, the red 647.1 nm line was selected in our measurements because of its 
high output power and visibility.  
 
Table 3.1: Operating lines and power output for Innova-90K Kr-ion laser. 
Wavelength (nm) Power (mW) 
476.2 
482.5 
520.8 
530.9 
568.2 
647.1 
676.4 
752.5 
50 
30 
70 
200 
150 
500 
120 
100 
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A disadvantage of a CW gas laser is the presence of plasma discharge lines that can overlap 
with the excitation spectra from the sample. To remove these extra lines, a prism 
monochromator was installed in the beam path.  Changing laser lines requires adjusting the 
orientation of the prism in the monochromator.   
 
Figure 3.1: Schematic illustration of our Raman scattering system. PM is a prism 
monochromator. PR is a polarization rotator. PB is a polarizing beam splitter. BC is a Berek 
compensator. PA is a polarization analyzer. L-1 and L-2 are the focusing and collection lenses. 
M-1, M-2 and M-3 are mirrors used to direct the beam to the sample. 
 
3.1.2 Optical components 
The optical components shown in Figure 3.1 are used to direct the incident beam and optimize 
the detected signals.  
 A prism monochromator (PM) is used to remove the plasma lines from the laser. These 
extra lines may overlap with signals in the Raman spectrum and they also can excite the 
samples, leading to spurious lines. Changing laser lines requires adjusting the 
orientation of the prism. 
 A polarization rotator (PR) and polarizing beam splitter (PB) are used together to 
produce a clean beam of linearly polarized light. The Kr-laser used in our experiment 
emits vertically polarized light.  Full control of the polarization of the incident beam is 
useful when analyzing the polarization dependence of excitations. 
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 A Berek compensator (BC) is used to produce a circularly polarized light. A circularly 
polarized incident beam is necessary when a magnetic field is used to avoid Faraday 
rotation of a linearly polarized beam in the magnetic field environment.  
 A polarization analyzer (PA) is used to select the polarization of the scattered beam. In a 
polarization dependent measurement, a PA is adjusted to match the gratings’ most 
efficient direction with the polarization of the entering beam.   
 The lens (L-2) focuses the incident light onto a sample spot size of roughly 50 μm. L-2 is 
used in conjunction with the lens (L-1) to collect and focus the scattered light into the 
spectrometer. The mirrors (M-1, M-2 and M-3) are used to direct the incident light 
beam onto the sample.  
 
3.1.3 Spectrometer 
In a Raman system, a spectrometer is an important component that disperses the scattered 
light to extract the inelastically scattered light by rejecting the unwanted elastically (Rayleigh) 
scattered light. The Rayleigh scattered light is much stronger than the Raman scattering signal 
of interest (  1011-1014). Here we provide a simple description of a triple stage spectrometer, 
which is commonly used for Raman scattering measurements.  
The triple stage spectrometer consists of three monochromators in series [3.1]. In our 
system, the first two stages are identical Acton Research Czerny-Turner AM-503 
monochromators in a subtractive dispersion mode to reject unwanted stray light as a band-pass 
filter. Our third stage is an Acton Research Czerny-Turner AM-505 scanning monochromator, 
which disperses the light onto the image plane of the detector.  
In the subtractive configuration described above, the spectral resolution of the 
spectrometer is determined mainly by the final stage grating. The dispersion from the gratings 
is described by the grating equation [3.2]: 
 
 
                                                                         (3.1) 
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Where   is the wavelength of the light diffracted at an angle  ,   is the angle of incidence of 
light falling on the grating, d is the grating spacing, and m = 0, 1, 2, ... is the diffraction order. 
Figure 3.2 displays the geometry of the grating arrangement.  
   
 
 
Figure 3.2: Geometry of light diffraction by a multiple slit aperture or grating. 
 
For fixed incident light angle, the angular dispersion is obtained from Eq. 3.1: 
 
                                                     
  
  
 
 
     
     (3.2) 
 
The linear dispersion in the focal plane of the spectrometer is given by 
 
     
  
  
  
 
 
  (3.3) 
 
where   is the height along the focal plane and   is the focal length of the exit mirror.  
 
From the above equations, we can see that the dispersion (resolution) depends on the 
grating spacing and the focal length. The dispersion can be increased by decreasing the grating 
spacing. The resolution of the spectrometer is determined by the resolving power of the grating 
from the intensity distribution function:   
       
 
  
    (3.4) 
 
where N is the total number of grooves on the grating [3.2]. In our experiments, we use an 
1800 grooves/mm grating in conjunction with the 647.1 nm krypton-ion laser to optimize the 
spectral resolution.  The transmission of the incident light to the detector (throughput) depends 
on the wavelength and polarization of the incident light. The polarization orientation that 
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provides the best spectrometer throughput was selected using the polarization analyzer and/or 
an additional λ/2 plate at the front of the entrance slit. 
 
3.1.4 Detector 
A charge-coupled device (CCD) is the most popular device for light detection because of its high 
quantum efficiency, low readout noise and sensitivity over a wide frequency range. A CCD is an 
analog solid state image sensor consisting of an array of pixels generally made from doped 
silicon. The surface of the CCD is divided into pixels, or picture elements, each of which detects 
a piece of the object being imaged. The resolution of the spectrometer is limited by the size of 
these pixels.  
Incident light with energies greater than the bandgap of the silicon material will excite an 
electron-hole pair. A sine-function-shaped potential is created by the electrodes in the array to 
channel the electrons to the nearest well and remove the holes via a grounded plane. The 
charge from each pixel is converted to a voltage, pixel by pixel, as the charge is read from the 
chip. Additional processing in the chip uses this information to create a digital signal. The 
information is integrated over a period of time and an intensity profile is generated by the data 
from each pixel. 
A CCD can produce several different kinds of noise: (1) readout noise, which is associated 
with the lack of reproducibility in the process of analog-to-digital conversion and unwanted 
random signals from the sensor or electronics; (2) the “dark count” of the detector, which is 
from thermally-activated charge in the pixels; and (3) cosmic ray muons, which are evident as 
sharp (1 pixel wide) peaks in the spectrum. 
The readout noise can be reduced by altering the gain of the electronics and increasing the 
exposure time to improve the signal-to-noise ratio. Dark counts can be greatly reduced by 
decreasing the temperature of the detector. Cosmic rays counts can be removed by acquiring 
several sets of data and subtracting out the random sharp peaks. 
 
In our experiments, we use a Princeton Instrument liquid nitrogen cooled CCD, which is 
composed of an imaging array 1340 x 400 of 20 μm x 20 μm in pixel dimension. The CCD was 
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cooled down to −110 ◦C using liquid nitrogen. Data was typically acquired by accumulating 2 
spectra for 10 minutes each and then averaging the results. 
 
3.1.5 Sample Environment 
By controlling the environment of the sample, we can perform Raman measurements on the 
sample under different experimental conditions. By maintaining the sample in a high vacuum 
environment, the Raman lines originating from molecules in air can be eliminated. In addition, a 
variable temperature cryostat provides a temperature dependent measurement environment. 
In our experiments, we use a pumped Oxford continuous-flow cryostat for low temperature 
measurements in the range of 4 to 300 K.  In these experiments, we also use a high magnetic 
field cryostat and a high pressure insert with a diamond anvil cell in order to control the 
magnetic field and pressure applied to the sample.  In the following section, we will describe a 
special sample space design which allows Raman measurements under the simultaneous 
conditions of low temperatures, high magnetic fields and high pressures.   
 
3.2 Raman Measurements under Low temperature, High-Pressure and Magnetic Fields 
Figure 3.3 illustrates the experimental arrangement used to make low-temperature, high-
pressure, and high-magnetic field Raman scattering measurements. The superconducting 
magnet—into which the flow-through cryostat is inserted—is capable of generating fields as 
high as 10 Tesla. The pressure control of the sample environment is provided by a miniature 
cryogenic diamond anvil cell (MCDAC) insert [3.3, 3.4]. The MCDAC consists of the diamond 
anvil cell itself (made of hardened BeCu), and the hydraulic insert for controlling the pressure 
applied using the diamond anvil cell. The MCDAC system, which includes a hydraulic pump with 
its gauge and line, is shown in Figure 3.4. The MCDAC is designed to fit inside the helium flow-
through cryostat described above. Pressure is generated by means of a hydraulic ram that pulls 
on cables connected to the anvil cell. By the unique design of this system, data can be collected 
at low temperatures, high magnetic fields, and high pressures (up to 100 kbar). In the following, 
we will discuss some important aspects of our high pressure measurement procedures, 
including the anvil selection and alignment, the gasket preparation and the pressure calibration.   
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Figure 3.3: Schematic illustration of the sample space arrangement for simultaneous control of 
the temperature, magnetic field, and pressure in the sample environment. The sample is 
mounted between anvils in a MCDAC which are inserted into a continuous low cryostat. The 
cryostat is mounted horizontally inside the bore of a superconducting magnet. 
 
 
 
 
Figure 3.4: (left) general view of the diamond anvil cell (DAC) system [3.4]. (Right) the 
disassembled pressure cell (top cap, piston and cell body). 
 
3.2.1 Anvil selection and alignment 
 
The high pressure anvils must be hard, durable, and transparent for optical measurements. The 
popular materials used for pressure generation include sapphire, moissanite (6H-SiC) and 
diamond. The highest reported pressures have been acquired with diamond in the range of 
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2000 kbar [3.5], with pressures exceeding 300 kbar acquired using moissanite anvils [3.6], and 
of 150 kbar using sapphire anvils [3.7]. The anvil’s transmission property is another important 
consideration. First, the anvils must be transparent in the wavelength range of interest. Second, 
if the Raman and fluorescence spectrum of the anvil material overlaps with excitations in the 
sample of interest, one needs to consider a replacement anvil material. The fluorescence from 
impurities in the anvils may be reduced by changing the exciting wavelength. 
The first step to align anvils is to load the anvils in the center of a lower supporting plate (or 
piston) in a homemade anvil mounting jig, which has optical apertures to allow the anvils to be 
examined during the alignment procedure. The second step is to make a coaxial alignment by 
adjusting the side screws (tilt alignment) and cap screws on the bottom (lateral alignment). 
After the alignment, the anvils are glued to the supporting plate using epoxy (Stycast 1266, 
Emerson & Cuming), which has a small thermal contraction at low temperatures. 
 
3.2.2 Gasket Preparation and hydrostatic Media 
A metal gasket is used to contain the hydrostatic fluid that conveys pressure from the anvils to 
the sample.  The gasket also provides massive support to the edges of the anvils, as shown in 
Fig.3.5. 
 
 
 
Figure 3.5: Detailed description of the diamond anvil cell. The sample and ruby chip are inside a 
hydrostatic medium, which is trapped by the pre-indented metal gasket. The dimensions shown 
are those used in our experiments [3.8].  
 
The gasket thickness, hole diameter, and material hardness are all important considerations 
for a high pressure measurement. In our measurements, a beryllium-copper (BeCu) alloy was 
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used as the gasket material because of its high thermal conductivity and low electrical 
conductivity.  
We first pre-indent the BeCu cylindrical gasket from a thickness of 450 μm to a thickness of 
  200 μm (roughly the half of the thickness). Then we drill a small hole ( 300 μm) in the center 
of the gasket using an electric-discharge machine (EDM). Finally the gasket is positioned 
between the anvils and the sample and ruby chips are loaded. 
We use argon as a hydrostatic medium to provide uniform pressure on the sample.  To load 
the argon, we first put the MCDAC into a copper tube, and then we pump and purge the system 
to remove any contaminants. After the argon gas has liquefied in a bath of liquid nitrogen, we 
gradually apply pressure (the same pressure value as that applied when pre-indenting the 
gasket) to trap liquid argon in the gasket aperture. Finally we remove the tube and warm it to 
room temperature.  
The ruby chips are used for a pressure calibration, which can be done under low 
temperature, high magnetic-field, and high pressure conditions. The wavelength shift of the 
two ruby fluorescence lines (6927 Å and 6942 Å) roughly has a linear dependence as a function 
of the applied pressure below 200kbar and at low temperatures [3.9]. In our measurements, we 
use a miniature fiber optic spectrometer (Ocean Optics, Inc. USB2000+) and a green-line laser 
(532 nm) to excite and measure the ruby fluorescence for pressure calibration.  
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Chapter 4: Single Crystal Growth and Characterization 
 
A number of methods to grow single crystals have been developed and employed as part of this 
thesis work, including chemical vapor transport (CVT) [4.1, 4.2], metallic flux techniques [4.3], 
aqueous solution evaporation [4.4], etc. Each of these techniques has unique advantages and 
disadvantages for growing different materials: (1) The CVT technique is especially suitable for 
growing transition metal dichalcogenides with a large size (>10 mm2). But the proper 
temperature gradient control is difficult to achieve because of the non-uniform temperature 
profiles along the length of the ampoule containing the starting materials, and the transport 
agent may introduce impurities or contaminate the samples. (2) The metallic flux method can 
work for many different materials, such as semiconductors and insulators, and crystals having a 
large size can be grown. But the chemical reaction involved in single crystal formation using this 
method only occurs at high temperatures, which puts a limitation on which crystals can be 
grown using this method. (3) The aqueous solution evaporation method is straight-forward and 
inexpensive, but it can be used for growing only a few materials that can saturate in an aqueous 
solution at a low temperatures. Usually the size of the resulting crystals is small and the crystals 
easily decay in the air.  
The grown samples need to be carefully characterized to verify the crystal’s structure, 
component ratio, transport properties, etc. Depending on the sample size and requirement for 
spatial resolution, different methods were used  to characterize the bulk crystals grown as part 
of this thesis work: (1) X-Ray diffraction (XRD) is a method used for determining the atomic and 
molecular structure of a crystal, in which the planes of  atoms cause a beam of X-rays to diffract 
at particular diffraction angles. By measuring the angles and intensities of these diffracted 
beams, a crystallographer can produce a three-dimensional picture of the atomic arrangement 
of atoms in the crystal [4.5]. (2) Energy-dispersive x-ray spectroscopy (EDS) is an analytical 
technique used for determining the chemical composition of the crystals [4.6]. (3) Electron 
backscatter diffraction (EBSD) is a microstructural-crystallographic technique used to determine 
the crystallographic orientation of a material. EBSD can be applied to crystal orientation 
mapping, defect studies, phase identification, grain boundary and morphology studies, regional 
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heterogeneity investigations, material discrimination, and micro-strain mapping [4.6]. (4) 
Transmission electron microscopy (TEM) is a microscopy technique in which a beam of 
electrons is transmitted through an ultra-thin specimen, interacting with the specimen as it 
passes through. An image is formed from the interaction between the atoms in the materials 
and the electrons transmitted through the specimen. TEMs are capable of imaging at a 
significantly higher resolution than light microscopes. This enables one to examine fine atomic 
details of the material, even as small as a single column of atoms, which is tens of thousands of 
times smaller than the smallest resolvable objects in a light microscope [4.7]. 
 
4.1 Chemical Vapor Transport Method and Growth of 1T-TiSe2 
The “chemical vapor transport” method involves heterogeneous reactions which have one 
shared feature: a condensed phase, typically a solid, which has an insufficient pressure for its 
own volatilization. But the pertinent phase can be volatilized in the presence of a gaseous 
reactant, the transport agent, and before being deposited elsewhere, usually in the form of 
crystals. The deposition will take place if there are different external conditions that are 
suitable for achieving chemical equilibrium at the position of crystallization instead of at the 
position of volatilization. Usually, different temperatures are applied for volatilization and 
crystallization. 
The CVT technique has been widely used for the synthesis, purification and growth of 
crystals [4.1], and it has been found that CVT is a suitable tool for growing single crystals of 
transition metal dichalcogenides, TX2, where T is a transition metal ion and X is a chalcogen ion. 
The starting materials for the crystal growth are mixed stoichiometrically, and placed into a 
quartz ampoule together with a transport agent (for example, iodine I2). The ampoule is 
introduced into a furnace with a temperature gradient ΔT (see Fig. 4.1). In the hotter region of 
the ampoule, the starting materials form the gases TI4 and X, which react in the cooler part of 
the ampoule, growing TX2 crystals. 
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Figure 4.1: Schematic illustration of CVT experiments for crystallization of a solid in the 
presence of a temperature gradient.   
 
In this thesis project, single crystals of 1T-TiSe2 were grown via iodine vapor transport [4.8].   
These samples were provided to Young Il Joe in the group of Peter Abbamonte as part of a high-
pressure x-ray scattering study of this material [4.16].  To grow the samples, first, stoichiometric 
amounts of Ti and Se—along with a trace of iodine powder—were introduced into high-quality 
quartz ampoules (15 cm long and 18 mm in diameter).  The quartz ampoules were first cleaned 
successively with HF: HNO3 (1:1) by volume, then thoroughly rinsed with distilled water and 
dried. After evacuating the ampoules to at least 1x10-3 Torr ( 10-5 Torr is preferred), the tubes 
were sealed under vacuum and subsequently transferred to a horizontal gradient furnace with 
the temperature of the “hot” end set to 650 °C and the temperature of the “cold” end kept at 
570 °C.  After 7 days, the furnace was cooled to room temperature over a few hours. Fairly 
large size crystals of 1T-TiSe2, shown in Figure 4.2, were formed toward the cool end of the 
ampoule.   
 
Figure 4.2: 1T-TiSe2 crystal grown in this thesis work using CVT (scale in mm).   
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The resulting single crystals were characterized by Raman scattering measurements, an 
example spectrum of which is shown in Figure 4.3. At 3.5 K, the observed phonon modes (e.g., 
two charge density wave (CDW) amplitude modes near 75 cm-1 and 115 cm-1, two optical 
phonon modes near 134 cm-1 (Eg) and 207 (A1g)) are in agreement with  previous studies [4.9].  
 
Figure 4.3: Raman scattering spectra of 1T-TiSe2 at T=3.5 K.  
 
4.2 Molten Metal Flux Method and Growth of Bi2Se3 and Bi2Te3 
The basic idea of the molten metal flux method is, first, to achieve an over-saturated solution 
and then to allow crystallization in this solution. This method is particularly adapted to non-
congruent materials and/or compounds with very high melting points. Very high temperatures 
are necessary in this growth method, because the starting materials employed in flux-growth 
reactions are usually solids themselves and very high temperatures are necessary to cause 
sufficient diffusion for a reaction to take place. To achieve enhanced diffusion of reactants in 
solid-state synthesis, molten solids can be used as solvents (i.e., fluxes). Such media have been 
employed for well over a 100 years for high-temperature single-crystal growth. The fluxes 
should have melting points well below the temperatures of classical solid-state synthesis, 
making possible the exploration of new chemistry at intermediate temperatures. In many 
instances, these fluxes act not only as solvents, but also as reactants, providing species that can 
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be incorporated into the final product. The latter case is analogous to solvate formation or to 
the situation in which the solvent provides atoms to the compound being formed. Such a 
molten solvent is called a reactive flux. Therefore, in this situation, appropriate molten metals 
can act to become bona-fide solvents for synthesis.  
Several key characteristics must be met for a metal to be a viable flux for reaction chemistry: 
(1) the metal should form a flux (i.e., a melt) at reasonably low temperatures so that normal 
heating equipment and containers can be used; (2) the metal should have a large difference 
between its melting point and boiling point temperatures; (3) it must be possible to separate 
the metal from the products, by chemical dissolution, filtration during its liquid state, or, if 
necessary, mechanical removal; and (4) the metal flux should not form highly stable binary 
compounds with any of the reactants. Solution growth requires readily accessible liquid regions. 
Congruently melting compounds transform from a homogeneous solid to a homogeneous liquid 
at the melting point. The commonly used fluxes include tin (Sn) and lead (Pb) because of their 
low melting temperatures. Although some large single crystals can be grown using the flux 
method, this technique suffers the drawback that it is easy to introduce additional elements to 
the solution. The self-flux method is a new development in crystal growth techniques, in which 
the high quality single crystals are grown directly from a binary (or ternary) melt via a slow 
cooling. 
 
Figure 4.4: Binary phase diagrams for Bi and Se [4.10].   
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In this thesis work, single crystals of Bi2Se3 were grown using a metal flux method. 
Elemental Bi (99.999%) and Se (99.99%) were mixed in alumina crucibles in a molar ratio of 2:3 
in a total amount mass of roughly 1.5 g. The mixtures were sealed in quartz ampoules and 
raised to a temperature of 712 0C (a temperature just higher than the congruent melting point, 
which is shown in the binary phase diagram in Fig. 4.4), then cooled slowly (10C/hour) to 550 0C, 
and finally annealed for 3 days. After cold water quenching, the resulting crystals, examples of 
which are shown in Fig. 4.5, can be cleaved easily perpendicular to the {0 0 1} axis. Single 
crystals of Bi2Te3 were successfully grown using a similar procedure.  
 
 (a) (b) 
Figure 4.5: (a) sealed ampoules with Bi and Se starting materials, and (b) grown Bi2Se3 single 
crystals 
 
We use Bi2Se3 as an example to illustrate in more detail the crystal characterization 
methods used to characterize crystals grown as part of this thesis project. The elemental 
composition of the Bi2Se3 sample was determined using a quantitative analysis of EDS collected 
at 5 different locations on the sample. The obtained average compositions show good 
agreement with the normal element ratio, as shown in Figure 4.6.  
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Figure 4.6: Quantitative Results for the compound analysis by energy dispersive X-ray 
spectroscopy. Conditions: live Time: 100.0 sec; Filter Fit Chi Squared: 1.546; Errors: +/- 1 Sigma; 
Correction Method: Proza (Phi-Rho-Z); Acc.Voltage: 20.0 kV; Take off Angle: 35.0 deg; Detector: 
Pioneer. 
 
Figure 4.7 (a) shows a SEM image of the surface of Bi2Se3 single crystals grown using a self-
flux method. Figure 4.7 (b) shows the EBSD measurements on Bi2Se3, confirming that these 
crystals have a rhombohedral crystal structure (space group D3d) with five atoms per unit cell. 
The crystal orientation indexed pattern is shown in Fig 4.7 (c) and (d).  
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Figure 4.7: Crystallographic orientation analysis using electron backscatter diffraction (EBSD). (a) 
Bi2Se3 EBSD image 1500x (b) 3D crystal orientation, (c) EBSD indexed pattern ({001} lattice 
direction normal to sample surface), (d) the list of Bi2Se3 orientation information from 5 points 
selected on the surface. 
 
 
Figure 4.8: Pole figure {001}, {111} images by EBSD 
 
Figure 4.8 shows the pole figure {001}, {111} images by EBSD, which also clearly show the 
single crystal structure in Bi2Se3. A pole figure is an intensity map showing the orientation 
distribution of crystallographic lattice planes.  
High-resolution TEM images of the top layers of Bi2Se3 crystals were taken using a JEOL 2100 
Cryo TEM with a point resolution 0.27 nm. From the TEM results shown in Fig. 4.9, we can see 
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that the crystal structure of Bi2Se3 can be described as a close-packing of Bi and Se atoms. 
Layers formed by Bi and Se are stacked along the c-axis.   
 
 (a)  (b) (c) 
Figure 4.9: TEM image in nm scale for Bi2Se3. (a) Layers stacked along the c-axis in sample #1. 
The red arrow indicates the c-axis direction (b) Sample #2. The green circle and arrow indicated 
an area which is zoomed-in in Fig. 4.9 (c) (c) The stacking of Bi and Se atoms. The red and green 
lines represent the different atomic layers for Bi and Se.  
 
We also characterized the crystals grown using room temperature Raman scattering 
measurements.  The room temperature Raman scattering spectrum of the Bi2Se3 samples 
grown in this thesis project is shown in Fig. 4.10. The three phonon modes (2A1g and Eg) 
observed in these measurements are consistent with those observed in previous studies [4.11].  
 
Figure 4.10: Bi2Se3 Raman phonon modes at room temperature: A1g (72 cm
-1 and 174.5 cm-1) 
and Eg (131.5 cm
-1).  
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4.3 Aqueous Solution Evaporation Method and Growth of KCuF3 and Mn12-ac 
In order to grow crystals using solution evaporation, it is necessary to make a solution that 
maximizes the chance for the solute particles to come together and nucleate to form a crystal. 
This process requires a concentrated solution with as much solute as can be dissolved in 
solution (i.e., a saturated solution). Sometimes nucleation can occur simply through the 
interaction between the solute particles in the solution, but sometimes it's better to provide 
nucleation sites for solute particles to aggregate. For example, a crystal is more likely to start 
forming on a rough piece of string than on the smooth side of a glass.  
The first step to growing crystals using the aqueous solution evaporation method is to 
prepare a saturated solution. A more dilute solution will become saturated as the liquid 
evaporates, but evaporation can take days or weeks. Adding more starting materials to the 
water solvent makes a saturated solution. Stirring the mix will help to dissolve the solute. 
Applying heat to the solution—by either adding warm water or heating the solution on the 
stove, with a burner, or in a microwave—can help the solute dissolve. The resulting saturated 
solution must then be kept in a low humidity environment. To grow a larger single crystal, a 
seed crystal is required. One method of getting a seed crystal is to pour a small amount of 
saturated solution onto a plate, let the drop evaporate, and then use the crystals formed on the 
bottom as seeds for a second growth.  Some crystals made from water (aqueous) solution will 
dissolve or decay in air; such crystals should be protected by storing them in a desiccator or a 
refrigerator.  
 
4.3.1 Growth of KCuF3 
Single crystals of KCuF3 were prepared using the aqueous solution evaporation method, 
according to the procedures followed in reference [4.4]. First, 75 g of CuCO3Cu(OH2)H2O were 
mixed with 900 mL of 60 0C water in a polyethylene beaker, and then 45% HF aqueous solution 
was slowly added until the mixture became transparent blue. Next, 800 mL of 70 0C aqueous 
solution containing 41 g of KF was added. Finally, the solution was kept in a furnace controlled 
at 37 0C. The resulting pale violet crystals have 2-3 mm in scale, as shown in Fig. 4.11. 
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Figure 4.11: single crystal KCuF3 grown using the aqueous solution evaporation method. 
 
High-resolution single crystal XRD measurements show that KCuF3 has a tetragonal 
structure (I4/mcm) at room temperature. The determined unit cell dimensions are a=b=4.116 Å, 
c=3.905 Å. Figure 4.12 shows the Omega-scan diagram and the three dimensional crystal 
structure—viewed in a-b and b-c planes—of our KCuF3 sample, determined from X-ray 
diffraction measurements.   
  
 (a) (b)  (c) 
Figure 4.12: High-resolution single crystal XRD measurement (a) Omega scan along {004} 
direction using a Cu K-alpha X-ray source (λ = 1.54056 Å, 45 kV – 40 mA) and detector (800,000 
counts per second), (b) 3D crystal structure determined at the Advanced Photon Source at 
Argonne National Laboratory, indicating a tetragonal symmetry with a I4/mcm space group in 
the (b) a-b plane view and the (c) b-c plane view. 
 
37 
 
The polarization-dependent Raman spectra of the grown KCuF3 samples are shown in Figure 
4.13 (XY-polarization for Fig. 4.13 (a), and ZX-polarization for Fig.413 (b)). These results are 
consistent with those reported in reference [4.12]. 
 
Figure 4.13: The polarization-dependent Raman spectra of KCuF3.  
 
4.3.2 Growth of Mn12-ac 
Single crystals of [Mn12O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O (abbreviated Mn12-ac) were 
also grown using the aqueous solution evaporation method. The synthesis of Mn12-ac was 
carried out using methods similar to those first reported by Lis [4.13]. First, 4.0 g of 
Mn(CH3CO2)2·4H2O were added into 40 mL of a 60% acetic acid and water solution. The mixture 
was stirred continuously until all of the Mn(CH3CO2)2·4H2O was completely dissolved.  Next, 1.0 
g of finely ground KMnO4 was added in small amounts over the course of about 2 minutes. The 
resulting solution was mixed for approximately 1 additional minute until all of the KMnO4 was 
dissolved. The final solution was removed from the stir plate and allowed to sit undisturbed for 
3 days, during which time long black rectangular rods crystallized. These Mn12-ac crystals 
typically grew to the dimensions of about 0.5 x 0.5 x 3.0 mm3. The crystals were filtered in a 
Buchner funnel and washed with acetone. The collected crystals were then bottled and stored 
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in a refrigerator. A typical crystal of Mn12-ac is shown in Figure 4.14, and the crystal structure 
determined by X-ray diffraction is shown in Figure 4.15. 
 
 
Figure 4.14: The grown single crystal Mn12-acetate   
 
 
Figure 4.15: The crystal structure determined by X-ray diffraction.  
 
Micro-Raman scattering measurements were used to characterize the grown Mn12-acetate 
samples. The observed phonon modes under conditions (785 nm laser and 50X objective), 
shown in Figure 4.16, are consistent with those observed in previous studies [4.14].  
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Figure 4.16: Micro-Raman spectra of Mn12-acetate at room temperature  
 
Single molecule magnet Mn12-acetate exhibits hysteresis loops in magnetization data—
associated with magnetic domain formation below a certain temperature known as the 
blocking temperature about 3 K [4.15]—as well as evidence for magnetization steps associated 
with macroscopic quantum tunneling [4.15].  Both of these behaviors are observed magnetic 
measurements of our samples, shown in Figure 4.17, indicating the high quality of our Mn12-ac 
samples.  More discussion of this behavior will be provided in Chapter 6.  
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Figure 4.17: The magnetic hysteresis loop of Mn12-acetate at temperatures 1.8 K, 2.1 K and 2.7 
K. 
 
Above, we have discussed three different methods to grow single crystals and the related 
characterization techniques. We used 1T-TiSe2, Bi2Se3, KCuF3, and Mn12-ac as examples of these 
growth procedures and single crystal characterization methods. More detailed measurements 
and discussion of KCuF3 and Mn12-acetate will be presented in Chapters 5 and 6.   
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Chapter 5: Temperature and pressure-induced phases in the 
orbital ordering material KCuF3 
 
5.1 Background 
Potassium copper trifluoride (KCuF3) is a particularly interesting strongly correlated material 
that has attracted significant theoretical and experimental interest since the 1960s [5.1, 5.2]. It 
is a nice system for studying several important phenomena:  cooperative Jahn-Teller (JT) effects, 
in which a collective distortion of the lattice lowers the electronic degeneracy of a material; 
orbital ordering (OO), in which the electrons in a solid occupy a pattern of non-degenerate 
orbital configurations in the lattice; and low-dimensional magnetism, as KCuF3 is one of the best 
realizations of a one-dimensional (1D) antiferromagnetic (AFM) Heisenberg chain above its Néel 
ordering transition temperature TN ≈ 40 K,. KCuF3 stands with LaMnO3, the parent compound of 
the CMR manganites, as role models for orbital ordered compounds, where collective orbital 
modes may occur in the excitation spectrum. 
 
The splitting of degenerate levels of Cu2+ (3   configuration) by a cubic crystal field (CF) results 
in two sets of states - the completely filled three-fold degenerate     levels and the two-fold 
degenerate    levels, which are occupied by one hole. A Jahn-Teller distortion causes the 
partially occupied    levels to further split into two non-degenerate orbitals on the Cu ion sites, 
as shown in Figure 5.1.  
 
Figure 5.1: Effects of the crystal field splitting and Jahn-Teller distortion on the splitting of the 
3d9 levels of Cu2+ in KCuF3. 
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The crystal structure of KCuF3 (Fig. 5.2 left) consists of an array of CuF6 octahedra. The K-ions fill 
the empty spaces between octahedra. It is known that KCuF3 has two different polytypes [5.3]. 
In the type-a structure, the direction of displacement of the F ions from the midpoints of 
adjacent Cu sites is in opposite directions in neighboring a-b planes; however, in the type-d 
structure, the F-ion displacements are in the same direction in neighboring planes. This 
compound is known to have highly anisotropic exchange coupling, with much stronger coupling 
in the c-axis direction than within the a-b planes [5.4]. A cooperative JT distortion of CuF6 
octahedra causes an elongation along either the a or b axes (Fig. 5.2 right). That is, each F-ion is 
slightly displaced from the center of adjacent Cu2+ sites in the ab-plane as a result of the JT 
effect.   
 
                       
 
 
Figure 5.2: (left) Crystal structure of KCuF3 and Cu
2+ 3d hole orbital pattern in type-a [5.5] and 
(right) Cooperative Jahn-Teller distortion in a-b plane 
 
The orbital ordering picture in KCuF3 has been described by a superexchange-driven orbital 
ordering model, which was first suggested by Kugel and Khomskii (KK) [5.6]. The KK model 
predicts that for a simple perovskite cubic lattice of ions having a single electron or hole in a 
two-fold-degenerate     level, the hole orbitals, i.e.,         or        , will alternately occupy 
the Cu ion sites in the ab-plane, as shown in the left of Fig. 5.2. According to Goodenough-
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Kanamori rules [5.7, 5.8, 5.9], when the filled orbitals at adjacent centers are orthogonal, the 
exchange is ferromagnetic and comparatively weaker. Consequently, for KCuF3, the exchange 
interaction    in the basal a-b plane is relatively weak and ferromagnetic. But along the c-
direction, the lobes of occupied orbitals are directed towards each other, which results in a 
strong antiferromagnetic interaction    in this direction (          ) [5.10]. A crossover from 
1D to 3D behavior occurs at the Néel temperature TN ≈ 40 K, resulting in long range (type-A) 
antiferromagnetic ordering; however, the signatures of a 1D spin chain are still observable in 
neutron scattering up to 200K [5.11]. 
 
While it has been reported that KCuF3 exhibits a JT distortion near 800K associated with a cubic-
to-tetragonal transition [5.12], to date, even the room temperature crystal structure of KCuF3 
seems not to be determined unambiguously. The original assignment of tetragonal symmetry 
was challenged by electron paramagnetic resonance (EPR) [5.13] and XRD measurements [5.14], 
based upon the observation of a Dzyaloshinky-Moriya (DM) antisymmetric exchange interaction 
between spins on the c-axis. Specifically, the DM interaction is not allowed in the tetragonal 
    crystal symmetry originally proposed for KCuF3. Eremin et al. [5.15] proposed that there is a 
thermally fluctuating displacement of the apical F-ions, associated with a dynamical DM 
interaction (Fig. 5.3a), which is consistent with x-ray diffraction (XRD) measurements of Hidaka 
et al. [5.14]. This result suggests that the F-ion displacements dynamically fluctuate at 
intermediate temperatures, but then freeze in at a lower temperature, inducing a static 
reduction of the lattice symmetry. Paolasini and coworkers [5.12] reported an X-ray resonance 
scattering study of the orbital-ordering-superlattice reflection in KCuF3 and found a 
considerable increase of the  intensity of this reflection above TN, as shown in Fig. 5.3b; this 
behavior is indicative of changes associated with the lattice degrees of freedom prior to 
magnetic ordering. Another important experiment was done in a near infrared (NIR) absorption 
measurement by Deisenhofer et al. [5.16]. They observed a dynamic DM-interaction onset of 
fine structure in near infrared (NIR) absorption spectra (Fig. 5.3c), corresponding to electric 
dipole transitions between the crystal field split d-orbital states below 50 K, which suggests a 
change of the local Cu-F crystal structure at that temperature. 
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(a)  
(b) 
 
 
Figure 5.3: (a) displacement of the apical F ions in the dynamical DM interaction [5.15]; (b) 
Temperature dependence of the integrated intensity of the (331) orbital Bragg reflections 
[5.12]; and (c) appearance of fine structure in NIR absorption spectra below 50K [5.16]. 
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5.2 Motivation 
Despite all the research that has been performed on KCuF3, there are still many important 
unanswered questions remaining. For instance, we do not have a clear explanation as to why 
the orbital ordering temperature T0=800 K and the Néel temperature TN≈40 K are so different in 
KCuF3, why tetragonal symmetry exhibits local orthorhombic fluctuations at temperatures 
down to 50 K, why the in-plane and c-axis exchange couplings differ by two orders of 
magnitude, nor why the apical F ions fluctuate down to 40 K.  
 
In this thesis work, we use inelastic light (Raman) scattering to investigate these puzzles. Raman 
scattering is a powerful tool for studying the interplay between charge, orbital and spin degrees 
of freedom in correlated systems. We applied this technique to a high quality single crystal 
KCuF3–grown by us as part of this thesis work—under conditions of low temperatures (from 3 K 
to room temperature) and high pressures (up to 50 kbar) in order to shed light on the complex 
physics governing the unusual properties of this correlated material. 
 
5.3 Results and Discussion 
5.3.1 Temperature-Dependent Raman Spectra in KCuF3 
Previously, the room temperature crystal structure of KCuF3 was assigned to the tetragonal 
point group   (I4/mcm) [5.14]. Using the notation of the irreducible representations of this 
point group, the (q=0) Raman-active modes are given as                        . At 
70 K and in the frequency range from 40 cm-1 to 300 cm-1, we observed three Eg-symmetry 
phonon modes near 50 cm-1, 132 cm-1 and 260 cm-1 in the ZX (=ZY) polarization spectrum, and 
one B1g-symmetry phonon mode near 72 cm
-1 in the XY spectrum (Fig. 5.4). These Raman 
modes and symmetries are consistent with those measured previously at 10K by T. Ueda et al. 
[5.17]. 
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Figure 5.4: (left) Polarization-dependent Raman scattering spectra of KCuF3 at T=70 K (right) The 
approximate normal mode vibrations for the Raman-active modes derived from the    
    space 
group.  
 
 
Figure 5.5: (left) Temperature dependence of the high-frequency A1g Raman phonon mode.  
(right) The temperature-dependence of the peak energy and linewidth of the A1g mode. 
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Fig. 5.5 (left) shows the temperature dependence of the A1g phonon mode, and Fig. 5.5 (right) 
summarizes the frequency and linewidth as a function of temperature for the A1g-symmetry 
phonon mode. The A1g symmetry phonon mode has a conventional temperature dependence, 
in which the energy of the mode increases (i.e., “hardens”) with decreasing temperature. This 
behavior is consistent with normal anharmonic effects [5.18]. 
 
On the other hand, consider the low energy phonon modes, i.e., the Eg mode near 50 cm
-1 and 
the B1g mode near 72 cm
-1. Unlike the A1g mode, the Eg and B1g-symmetry phonon modes 
demonstrate a dramatic “softening” (decrease in energy) and narrowing with decreasing 
temperature.  Specifically, the Eg and B1g-symmetry phonon modes exhibit a roughly  10- fold 
decrease in linewidth (FWHM) and a 20% and 10% decrease in energy, respectively (see Fig. 5.6 
for the B1g phonon mode), which indicate a structural instability in KCuF3 in the temperature 
range 50 K<T<300 K. 
 
 
Figure 5.6: (left) Temperature dependence of the low-frequency B1g Raman phonon mode. 
(right) The temperature-dependence of the peak energy and linewidth of the B1g mode. 
 
Furthermore, we observe a two-fold degenerate Eg phonon mode near 260 cm
-1 that splits its 
degeneracy below 50 K, as shown in Fig. 5.7 (left). The contour picture shown in Fig. 5.7 (right) 
clearly shows that the Eg mode splitting occurs near 50 K, just above TN, coincident in 
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temperature with the stabilization of the softening of the Eg and B1g phonon modes (the laser 
heating makes a roughly 5 K contribution to the temperature values in our Raman spectra). 
 
Figure 5.7: (left) Eg-symmetry phonon mode splitting with decreasing temperature; (right) 
Contour picture for temperature dependence of select Raman-active phonons 
 
The strong phonon softening and clear splitting of the  260 cm-1 Eg phonon mode provides 
striking evidence for structural instabilities in KCuF3 at temperatures well below the putative 
800 K orbital ordering temperature, and indicates that KK type orbital order does not develop 
at high temperatures, as is commonly believed. Rather, these results indicate that there are 
two steps to stabilize the orbital order in KCuF3: the first step occurs near 800 K, where a cubic-
to-tetragonal structural transition lowers the ground state degeneracy; secondly, a tetragonal-
to-orthorhombic (TO) structural transition happens at a temperature around 50 K, just above TN, 
below which static orbital order develops.  
 
In tetragonal symmetry, we expect and observe seven different Raman modes for KCuF3; 
however, for orthorhombic symmetry (   ) we should have 34 active-Raman phonon modes 
                         . At low temperatures, however, we only observe one 
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new phonon mode near 415 cm-1, shown in Fig. 5.4 which is not consistent with tetragonal 
symmetry. We can assign the two new split modes near 260 cm-1 at low temperatures as B2g- 
and B3g-symmetry phonon modes, which are consistent with orthorhombic symmetry (   ). 
 
The TO structural transition near 50 K can be attributed to rigid GdFeO3-type rotations/tilts of 
the CuF6 octahedra shown in Fig. 5.8, because the structural fluctuations we observe are 
associated with rotational motions of the F-ions in the CuF6 octahedra about the a/b and c axes, 
respectively [5.17]; similar structural transitions associated with octahedral rotations were 
observed in related materials, such as RbCaF3 [5.19]. 
 
 
Figure 5.8: GdFeO3 type distortion. (a) Cubic perovskite structure and (b) orthorhombic 
symmetry with FeO6 octahedral tilting. 
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Figure 5.9: temperature dependence of the (1,0,5) Bragg reflection, which serves as an order 
parameter for GdFeO3-type distortions of the CuF6 octahedra [5.20] 
 
The X-ray data on KCuF3 (Fig. 5.9) taken by James Lee (in the group of Prof. Peter Abbamonte) 
provides further evidence for rotations of CuF6 octahedra. The (1,0,5) Bragg reflections are not 
allowed by Kugel-Khomskii orbital ordering, but the observed sidebands suggest many 
equivalent configurations of octahedral distortions which are consistent with GdFeO3-type 
rotations of the CuF6 octahedra. 
 
The above Raman and X-ray results suggest that CuF6 octahedral fluctuations persist down to 
50 K, and then lock-in to a glassy configuration just prior to the Néel transition.  
 
In an effort to study the octahedral fluctuations in magnetic/orbital order in KCuF3, a new 
theoretical model [5.20] by Lal and Goldbart supplements the KK model. The total Hamiltonian 
is a sum of the four terms, 
                                                                     (5.1) 
where the first dominant term describes the orbital exchange coupling, 
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where the hole orbital on the site i is described by pseudospin operators   
   
     
  
    
    ,   
    
   . The    
    
    
   are Pauli matrices acting on the subspace spanned by 
the    orbitals.  
The second term is the usual KK exchange Hamiltonian for orbital-spin interactions 
        
             
  
 
 
    
  
 
 
     
  
 
 
    
  
 
 
    
           
      
            
    
     
 
 
   
  
 
 
    
  
 
 
 
           
 
 
 
   
   
  
 
 
                                                                                                                   
where    denote the true electron spins,        1 is the ratio of the Hund coupling   to 
the Hubbard  parameter for the d electrons with assuming      .  
The third term describes the orbital and spin coupling to the orthorhombic rotations of the 
octahedra 
          
           
  
 
 
    
  
 
 
      
 
                                         
The dynamical variables    describe fluctuations in the position of the F ligand atom 
transverse to the line connecting adjacent in-plane Cu sites i and j.   
The last term is associated with crystal-field interactions 
          
 
 ,                                                                    (5.5) 
The assumed variational wavefunction is  
                                                                                                
which describes a mixing of                  and                 orbitals, where    is the 
variational parameter. 
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Choosing reasonable values for the various couplings and parameters (crystal field, Jahn-Teller, 
spin-orbital, and orbital-orbital interactions) [5.20], Lal and Goldbart found a room temperature 
spin/orbital configuration in KCuF3 in which there are a pair of nearly degenerate (within a few 
Kelvin) hybrid states which have similar orbital, but different in-plane spin configurations, as 
shown in Fig.5.10. 
 
According to the model by Lal and Goldbart, the energy difference    between these 
orbital/spin configurations is determined by the smallest energy scale in the problem, i.e., the 
in-plane orbital-spin interaction               [5.20]. Consequently, thermal fluctuations 
should disrupt orbital and in-plane spin-order in KCuF3 down to very low temperatures. This 
result also suggests that the ground state of KCuF3 is close to an orbital/spin liquid state, in 
which the system does not magnetically or orbitally order, even down to T=0, but instead 
quantum mechanically fluctuates between the two hybrid states.  
 
 
Figure 5.10: (left) the two lowest energy levels; (middle) the two nearly degenerate hybrid 
orbital states; (right) orbital fluctuations between the two states 
 
In the following, we describe a pseudospin-phonon coupling model [5.21] of the octahedral 
fluctuations in KCuF3 in which the normal mode vibrations of a phonon are associated with a 
molecular group (in our case the CuF6 octahedra in KCuF3) that fluctuates between discrete 
configurations and whose dynamics can be described using a pseudospin representation. This 
coupled pseudospin-phonon model provides a qualitative description of how fluctuations in 
CuF6 octahedral orientation influence phonon modes (e.g., the Eg and B1g phonons) associated 
with the fluorine ions in KCuF3. The Hamiltonian for the coupled pseudospin-phonon model is 
given by [5.21] 
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where  is the normal coordinate of the phonon,   is the conjugate coordinate of  ,    is the 
pseudospin,     is the pair interaction between the ith and jth pseudospins,   is the pseudospin-
phonon coupling constant, and   is the bare phonon frequency.  
 
The pseudospin in this picture represents different discrete CuF6 octahedral configurations, 
which is supported by X-ray diffraction results on KCuF3 showing that the CuF6 octahedra lock 
into a finite number of distinct orientational configurations below the structural phase 
transition. The coupled phonon response function associated with this Hamiltonian is [5.21]  
 
    
      
    
    
 
      
        
                                                                      
Where   is the pseudospin fluctuation rate,          is the renormalized exchange 
coupling,            
           is the renormalized phonon frequency, and     
      
        is the phonon damping parameter.  
 
The coupled pseudospin-phonon model predicts two regimes of behavior that are qualitatively 
consistent with the observed pressure- and temperature-dependent Raman results observed in 
KCuF3. When the fluctuation rate ( ) of the pseudospin is much faster than the phonon 
frequency (  ),     , the phonon response function in Eq. 5.2 predicts that the phonon to 
which the pseudospin is coupled will exhibit mode softening as the temperature decreases 
towards the structural phase transition (T Tc)[5.21]. This model behavior is illustrated in Figs. 
5.11 (a), (b) for the case       , where the pseudospin fluctuation rate ( ) is equal to the 
molecular fluctuation rate (    ), which indicates the rate at which the CuF6 octahedral 
configurations change.  
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Figure 5.11: Significant phonon mode softening for fast molecular (pseudospin) relaxation 
        and       (a) The calculated spectra of the coupled phonon response function 
for       , from Ref. [5.21] (b) The temperature dependence of the normalized peak 
frequency,    , of the spectra in (a) (c) The B1g phonon mode softening with decreasing 
temperature in KCuF3 (d) A schematic description of the CuF6 octahedral rotations (red arrows) 
faster than the phonon mode vibration (blue arrows)  
 
By comparison to the KCuF3 data, the result predicted from this model shown in Fig. 5.11(b) is 
qualitatively consistent with the temperature-dependent mode softening observed for the 50 
cm-1 Eg and 72 cm
-1 B1g phonon modes in KCuF3 shown in Fig. 5.11(c), supporting our conclusion 
that the anomalous mode softening in KCuF3 is associated with CuF6 octahedral fluctuations. 
Thus this mode softening behavior reveals a thermally driven fluctuational regime in KCuF3 in 
which thermal fluctuations of the CuF6 octahedra occur on a much faster timescale than the Eg 
and B1g phonon frequencies to which they are coupled. 
 
When the molecular (pseudospin) fluctuation rate is comparable to or less than the phonon 
frequency,        , the coupled pseudospin-phonon model predicts a diffusive mode 
regime, i.e., the development of a    fluctuational response and reduced phonon softening, 
which are shown in Figs. 5.12(a) and (b). 
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Figure 5.12: (a) The calculated spectra of the coupled phonon response function for slow 
relaxation of pseudospins          , from Ref. [5.21] (b) The temperature dependence of 
the integrated fluctuational response [red lines] and the normalized peak energies [blue lines], 
    , of the spectra in (a) 
 
As we show in the next section, this regime is consistent with the “slow pseudospin relaxation” 
regime observed in our pressure-dependent Raman measurements of KCuF3.  
 
5.3.2 Pressure-Dependent Raman Spectra in KCuF3 
Our temperature-dependent Raman data showing that CuF6 octahedral fluctuations in KCuF3 
extend down to very low temperatures ( 50 K)—and are interrupted only by a tetragonal-to-
orthorhombic distortion—suggests that KCuF3 is close to a quantum critical point at which the 
fluctuational regime extends down to T=0K, as schematically illustrated in Fig. 5.13.  Hydrostatic 
pressure has been shown to reduce octahedral distortions in perovskite materials such as 
(La,Ba)2CuO4 [5.22], Ca2RuO4 [5.23], Ca3Ru2O7 [5.24], and LaMnO3 [5.25]; therefore, pressure 
tuning offers a means of suppressing to T=0 K the low-temperature tetragonal-to-orthorhombic 
distortion in KCuF3 that locks in CuF6 octahedral rotations below T= 50 K (and P=0). In order to 
investigate the quantum phase transition between T  0 static state and fluctuational regimes 
in KCuF3, we performed a low-temperature and pressure-dependent Raman scattering on this 
material.  
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Figure 5.13: Phase diagram of KCuF3 near a quantum critical point (QCP).  
 
 
 
Figure 5.14 (left) The pressure dependence of the Eg phonon mode at T=3 K. (upper part of the 
right) The pressure dependence of the peak energies of the Eg phonon mode at 3K for four 
different samples, showing evidence for an orthorhombic-to-tetragonal transition near P* 7 
kbar. (lower part of the right) a schematic description of the orthorhombic-to-tetragonal 
distortion 
 
The pressure-dependent Raman spectra of KCuF3 in Fig. 5.14 (left) show that the splitting of the 
 260 cm-1 Eg phonon mode disappears above       kbar, indicating that there is a pressure 
induced orthorhombic-to-tetragonal distortion in KCuF3, as illustrated in Fig. 5.14(right).  
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Figure 5.15: (a) Pressure dependence of the Raman spectra of KCuF3 at T=3 K. The inset is 
fluctuational response function. The red arrow indicates a frequency corresponding to 40KBT (b) 
Pressure dependence of the integrated quasielastic scattering response intensity, I(P), at T=3 K 
for three different samples of KCuF3. The inset shows the pressure dependence of the peak 
energies of the Eg phonon mode at 3K for four different samples (c) Temperature dependence 
of quasielastic scattering response of KCuF3 at P=42.3 kbar. 
 
Figs. 5.15 (a) and (b) show that the pressure-induced structural transition near       kbar (at 
T=3 K) is followed by the development with increasing pressure of a broad quasielastic 
response centered at   . This quasielastic scattering response is indicative of fluctuational 
behavior at low temperatures and high pressures (>7 kbar) in KCuF3 that can be qualitatively 
described by a simple relaxational response function [5.26]  
 
      
  
     
                                                                           
This response function has a maximum value at the characteristic function rate  . Note that the 
thermal Bose factor associated with inelastic scattering processes is given by            
over the temperature and the frequency range studies in this portion of the thesis.  
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Fig. 5.15(a) shows that the maximum value in the quasielastic scattering (i.e.,  ) does not 
change appreciably with the applied pressure, indicating that the increasing quasielastic 
scattering with pressure in Fig. 5. 15(b) is primarily from an increase in the overall amplitude of 
the quasielastic scattering response.  Similar fluctuational responses – albeit with very different 
characteristic fluctuations rates – have been observed to result from slow relaxational 
structural fluctuations in SrTiO3 [5.27], and LaAlO3 [5.28]. In particular, a fluctuational (diffusive) 
neutron scattering response in isostructural KMnF3 was also attributed to dynamic rotations of 
MnF6 octahedra; these octahedral fluctuations were shown to be highly correlated—via the 
shared F ions—within the planes, but were shown to fluctuate in an uncorrelated fashion 
between adjacent planes [5.29]. Additionally, our previous X-ray diffraction studies of KCuF3 
[5.20] show that in-plane correlations between CuF6 octahedra extend no further than  100 
unit cells. Consequently, the fluctuational response we observe could involve interplane 
octahedral fluctuations and/or in-plane fluctuations between correlated regions of order 
 1000 .  
 
In KCuF3, we associate the pressure-dependent development of a quasielastic fluctuational 
response at low temperatures to the onset of slow fluctuations of the CuF6 octahedra, with a 
characteristic rate (        ). By a comparison with the coupled pseudospin-phonon model 
which predicts a diffusive mode regime, i.e., the development of a     fluctuational 
response [Fig. 5.16 (a) blue squares] and reduced phonon softening [Fig. 5.16 (a) black circles] 
for        , we can see that this prediction matches the observed pressure-induced 
quasielastic response [Fig. 5.16(c)] and pressure-independent B1g mode frequency. Thus, the 
pressure-dependent development of a quasielastic fluctuational response at low temperatures 
in KCuF3 is consistent with the onset of slow fluctuations (compared to phonon frequencies) of 
the CuF6 octahedra, which result when the pressure-induced octahedral-to-tetragonal 
distortion “unlocks” the frozen arrangement of CuF6 octahedral tilts. 
 
 
59 
 
 
 
Figure 5.16: (a) The normalized phonon frequency      (black circles) and quasielastic 
scattering response integrated intensity (blue squares) as a function of        for the spectra 
in (b) (b) The calculated spectra of the coupled phonon response function for        , using 
Eq. (5.2) from Ref. [5.21] (c) Pressure dependence of the integrated quasielastic scattering 
response intensity, I(P), at T=3 K for three different samples (d) a schematic description of the 
CuF6 octahedral rotations (red arrows) slower than the phonon vibration (blue arrows) 
 
 
The pressure results presented above provide evidence for a pressure-tuned quantum melting 
transition near T 0 K in KCuF3 from a static configuration of the CuF6 octahedra to a phase in 
which the CuF6 octahedra are slowly fluctuating on a timescale that is comparable to or less 
than the Eg and B1g phonon frequencies. The characteristic rate associated with these CuF6 
fluctuations, 80 cm-1 (10 meV), is more than an order of magnitude larger than the thermal 
energies,   40     (arrow in Fig. 5.15 (a)), indicating that these low-temperature, pressure-
induced fluctuations are primarily driven by quantum fluctuations of the CuF6 octahedra. 
Furthermore, the Fig. 5.15 (c) shows that the quasielastic scattering response of KCuF3 at P= 42 
kbar is temperature independent, which is expected for quantum fluctuations in the frequency 
regime of the observed quasielastic scattering, i.e., for   40 kBT [5.25]. 
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5.4 Summary 
In summary, using inelastic Raman scattering, we have provided evidence suggesting that KK-
type orbital ordering does not occur at high temperatures in KCuF3, as is commonly believed; 
this evidence includes the observation of temperature-dependent phonon mode softening and 
the tetragonal-to-orthorhombic structural transition near 50 K at temperatures slightly higher 
than the onset of Néel order, TN=40 K. Instead, we believe that the orbital ordering transition in 
KCuF3 takes place in two steps: the first transition near 800 K removes some of the d-electron 
level degeneracy, but leaves a pair of nearly degenerate hybrid states which have similar orbital 
configurations but different in-plane spin correlations. The second transition near 50 K 
stabilizes the lowest energy orbital state. The intermediate temperature regime between 50 K 
and 800 K is associated with orbital-, structural- and spin-fluctuations driven primarily by 
vibrations of the F-ions.  Pressure-dependent, low-temperature Raman measurements show 
that applied pressure above       kbar suppresses the structural phase transition temperature 
to zero temperature in KCuF3, resulting in the development of a quasielastic fluctuational 
response near T  0 K. This pressure-induced fluctuational response—which we associate with 
slow fluctuations of the CuF6 octahedral orientation—is temperature independent and exhibits 
a characteristic fluctuation rate that is much larger than the temperature, consistent with 
quantum fluctuations of the CuF6 octahedra. A model of pseudospin-phonon coupling provides 
a qualitative description of both the temperature- and pressure-dependent evolution of the 
Raman spectra of KCuF3. 
 
Fig. 5.17 is a summary of our temperature- and pressure-dependent Raman results. Above T = 
50 K and for P = 0, fast fluctuations (       ) of the CuF6 octahedra result in soft-mode 
behavior associated with rotational F-ions vibrations until a tetragonal-to-orthorhombic 
transition locks these fluctuations into a glassy configuration below T=50 K. Thus, the 
temperature dependent behavior of the structural fluctuations in KCuF3 can be attributed to 
thermal fluctuations between “wells” in a free energy landscape representing different 
octahedral tilt orientations (top left diagram in Fig. 5.17); these different orientations become 
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locked into a static glassy configuration below T=50 K, just prior to the Néel ordering 
temperature (TN 40 K). Above       kbar, however, the transition temperature associated 
with the structural distortion that locks the octahedra into a static configuration is suppressed 
down to T  0 K, allowing slow fluctuations of the octahedra with        ; this leads to the 
development of a quasielastic scattering response associated with slow fluctuations between 
different octahedral configurations. The quantum driven fluctuation (i.e., quantum tunnelling) 
between different wells in the free energy landscape is shown in the top right diagram in Fig. 
5.17. 
 
 
Figure 5.17: PT phase diagram for the CuF6 octahedral fluctuations in KCuF3. Horizontal axes 
represent the temperature and pressure. The contour plot on the horizontal plane represents 
the measured fluctuational response integrated intensity, with dark green = 2000 counts and 
white = 0 counts, based on temperature sweeps at the following pressures: P = 0, 5, 13, 18.7, 27, 
35, 42 kbar. The vertical axis shows the mode frequency, with both the  79 cm-1 B1g and 261 
cm-1 Eg phonon frequencies shown as functions of temperature (filled red and green circles, 
respectively) and pressure (open red and green circles, respectively). Filled squares illustrate 
the characteristic energy   of the fluctuational response. Diagrams on top depict (left) 
thermally activated hopping between CuF6 configurations in the fast-fluctuating regime of 
KCuF3, and (right) the quantum tunneling between CuF6 configurations in the pressure-tuned 
slow fluctuating regime.  
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Chapter 6: Raman Scattering Studies of Single Molecule Magnet 
Mn12 Acetate 
 
6.1 Material Background and Motivation 
The single-molecule magnets (SMMs) have attracted much interest since they were first 
reported in 1991 [6.1]. SMMs are a class of metal-organic compounds that show molecular 
(nanometer) scale superparamagnetic behavior below a certain “blocking” temperature. SMM 
exhibits magnetic hysteresis having a purely molecular origin. Contrary to conventional bulk 
magnets and molecule-based magnets, collective long-range magnetic ordering of magnetic 
moments is not necessary for magnetic behavior in SMMs. 
 
[Mn12O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O (abbreviated as Mn12 acetate) is one of the most 
studied SMM materials [6.2]. The magnetism in Mn12 acetate arises from unpaired spins 
residing in the d-orbitals of the Mn ions.  Mn12 acetate consists of a core of four Mn
+4 (S=3/2) 
ions surrounded by a ring of eight Mn+3 (S=2) ions (see Fig. 6.1). Each group of spins order 
ferromagnetically, producing a net spin of S=10 (8 X 2 - 4 X 3/2 = 10) [6.1], and thus each 
molecule has 2S+1 = 21 magnetic energy levels. The magnetic core is surrounded by acetate 
ligands, which serve to isolate each core from its neighbors, and the molecules crystallize into a 
body-centered tetragonal lattice (a=b=17.319 , c=12.388  ). There are very weak exchange 
(Van der Waals) interactions between individual molecules, but the exchange interaction 
between ions within the magnetic core is very strong, resulting in a rigid spin-10 object with no 
internal degrees of freedom at low temperatures. The detailed information for crystal growth 
and characterization (X-ray and magnetization) of the samples used in this thesis work was 
provided previously in Chapter 4. In this chapter, we will first give evidence for, and a brief 
discussion of, the quantum tunneling magnetization (QTM) in the Mn12 acetate, and then we 
will present our Raman scattering measurements of these materials as functions of 
temperature, magnetic field, and pressure.  
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Figure 6.1: Structure of the Mn12 acetate molecule. The black and green arrows indicate two 
configurations of the spins (up and down).  
 
Although Mn12 acetate was found more than 30 years ago, it did not attract great attention 
until the quantum tunneling effect was observed in this material by Friedman in 1996 [6.3] and 
confirmed shortly thereafter by Hernandez [6.4] and Thomas [6.5]. Their results show that 
there are a series of steps in the hysteresis loops in Mn12 acetate below the so-called blocking 
temperature (the temperature below which the Mn12 molecules behave as independent objects) 
of 3 K. The typical magnetization curves for these materials are shown in Fig. 6.2, which 
displays the magnetization M measurement as a function of magnetic field H applied along the 
easy axis (c-axis) direction.  It has been verified that the hysteresis loops are associated with the 
behavior of isolated molecules via experiments on frozen, diluted solutions of Mn12-acetate in 
organic solvents [6.6].  
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Figure 6.2: Magnetization hysteresis loops measured on the 0.066mm3 Mn12 acetate single 
crystal at 1.77 K, 2.1 K and 2.64 K between magnetic fields of 5 T and -5 T with a SQUID 
magnetometer. [6.5] 
 
                   
Figure 6.3: (left) Double-well potential in the absence of a magnetic field in spin-up and spin-
down levels separated by the anisotropy barrier. Different spin projection states             
are indicated for S=10. The black arrow denotes quantum tunneling, and the red arrows for the 
two spin states (up and down) (right) Double-well potential under a magnetic field applied 
along the easy axis.  
 
The hysteresis loop in Fig. 6.2 can be understood with the aid of the double-well potential 
model shown in Fig. 6.3. The effective spin Hamiltonian for Mn12 can be written as [6.5] 
      
              
                                                            
where the first term gives rise to the anisotropy barrier (double-well potential); the second 
term is the Zeeman energy under a magnetic field applied along the easy axis to remove the 
degeneracy of the two potential wells. The third term is a higher-order term associated with the 
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longitudinal anisotropy, and the last term contains all symmetry-breaking operators that do not 
commute with   . The following parameters in Eq. 6.1 have been determined by inelastic 
neutron spectroscopy for the case of Mn12:[6.7]        K,             K, and 
        . Thus the energy barrier for the magnetization is 65 K. The steps observed in Fig. 
6.2 can be explained by field-tuned resonant tunneling [6.8]. For certain values of the z-axis 
fields (resonance fields), the levels m and m’ with antiparallel projections onto the z-axis have 
nearly the same energy,           (k=m+m’). At these resonances, quantum tunneling 
magnetization (QTM) is turned on by interactions that break the axial symmetry and mix the 
levels m and m’. For example, the magnetization steps at the applied field 0.44 (     ) Tesla 
correspond to quantum tunneling between the ith (i=10, 9,…) and (i-1)th levels across the 
barrier in the double-well potential scheme in Fig. 6.3 (right). This crossover between the levels 
is abrupt rather than gradual, suggesting a (discontinuous) first-order, rather than a (continuous) 
second order transition. As the temperature increases, the hysteresis loops become narrower, 
and above the blocking temperature TB (a phenomenological parameter that depends on the 
time scale of the measurement), sufficient thermal energy is available for the magnetization to 
quickly achieve equilibrium and no hysteresis is observed. Although the main features of Mn12 
acetate can be explained by considering only the first and second terms in Equation 6.1, the 
additional terms in the Hamiltonian are responsible for many important details. The 
Hamiltonian must include terms that do not commute with    for quantum tunneling to occur 
[6.6].  These terms are incorporated in the following contribution to the Hamiltonian,  : 
       
    
           
 
 
   
    
                                       (6.2) 
The first term in   is a second-order transverse anisotropy (a rhombic term), the second term 
includes hyperfine, dipolar and other internal or external transverse fields. The third term is the 
fourth-order transverse anisotropy. Because Mn12 acetate has S4 site symmetry, there was no 
rhombic term in its spin Hamiltonian at room temperature. For the origin of the required 
symmetry breaking for quantum tunneling, there were two suggestions for the sources of the 
transverse terms: a nuclear hyperfine term [6.9] and a term that is fourth order or higher in the 
spin Hamiltonian [6.7]. 
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In spite of much study, the source of quantum tunneling in Mn12 is still not clear and requires 
further investigation. The lowest transverse anisotropy term allowed by the tetragonal 
symmetry of Mn12 acetate is         
    
  , which adds a selection rule on the tunneling. This 
selection rule allows only magnetization jumps given by                  for the ground-
state tunneling to happen, while other magnetization jumps are prohibited. Experimentally, 
however, all magnetization steps are observed with no clear differences in amplitude between 
them (see Fig. 6.2).  Dipolar fields and hyperfine interactions are too weak to cause the rapid 
tunneling rates [6.8], even though they allow all magnetization jumps. Chudnovsky et al., [6.10] 
claimed that dislocations in Mn12 acetate crystals should be the main source of spin tunneling in 
the  1 K range, and proposed that local rotations of the easy axes due to dislocations can give 
rise to the effective transverse field which unfreezes odd resonances. But later, results by 
Cornia et al.[6.11] left Chudnovsky’s proposal in doubt. The high field electron paramagnetic 
resonance (HF-EPR) results of Cornia et al. show that the magnetocrystalline anisotropy is only 
slightly affected by perturbations of the crystal structure involving the metal coordination. 
Furthermore they attributed the source of tunneling to isomer disorder in Mn12-acetate. 
Specifically, the variation in the hydrogen bonding of the Mn12 molecules with neighboring 
acetic acids leads to a distribution of quadratic (rhombic) transverse anisotropy, and 
consequently, to a tunneling splitting experienced by the molecules.  
 
One important question concerning Mn12 acetate is what role the spin-phonon interaction plays 
in the tunneling of magnetization. Pederson et al., performed an accurate density-functional 
theory (DFT)-based calculation on the Mn12 acetate molecule [6.12]. Their results suggest that 
vibron-spin coupling accounts for most of the fourth-order anisotropy Hamiltonian.  They also 
predicted theoretically the frequencies of certain Raman active modes that might be related to 
the fourth-order anisotropy terms in Mn12 acetate shown in Fig. 6.4.  
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Figure 6.4:  Evolution of fourth-order anisotropy barrier [    ] as a function of vibrational 
energy. Also shown is the total and Mn-projected calculated Raman spectra. [6.12] 
 
A far-infrared absorption study on Mn12 acetate [6.13, 6.14] shows that some intramolecule 
vibrations are coupled to the spin system and there is a similarity between the temperature- 
and field-dependent absorption-difference data, indicating the phonon mode at 284 cm-1 
involving Mn3+ motion on the crown is strongly coupled to the spin system in Mn12 acetate. Fig. 
6.5 is the infrared spectra for features at 284 cm-1 under applied field and temperature.  
       
Figure 6.5: (a) Magnetic-field-dependent absorbance-difference spectra at 5K. (b) (c) Standard 
deviation from the mean value of the 284 cm-1 vs magnetic field and temperature. Solid line: 
fourth-order polynomial fit to guide the eye; dashed line: derivative of fourth-order polynomial 
fit [6.13]. 
 
J.M. North et al., at Florida State University  performed a comprehensive Raman scattering 
study of Mn12 at room temperature in a large frequency range of 200 – 2000 cm
-1 [6.15], some 
results of which are summarized  in table 6.1.  
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Table 6.1: Room temperature Raman phonon modes of Mn12-acetate [6.15] 
 
Although theoretical studies have clearly shown that the Raman-active phonon vibrations have 
a significant effect on the magnetic reorientations in Mn12 acetate [6.12], up to now, there has 
not been an experimental study of the magnetic field dependence of Raman-active phonons, 
which are needed to investigate how phonon vibrations affect the anisotropy barrier and 
participate in phonon-assisted tunneling in Mn12 acetate. In this thesis, we report a careful 
study of Mn12 acetate as functions of temperature (>3 K), pressure (<50 kbar), and magnetic 
fields (<9 T) in order to study the complex interaction between the spin and phonon degrees of 
freedom in Mn12 acetate.  
 
6.2 Results and Discussion 
6.2.1 Temperature-dependent Raman results 
In Chapter 4, we described the single crystal growth and characterization of the Mn12-acetate 
samples used in this study. The observed hysteresis below 3 K in the magnetization 
measurements on crystals grown by us (see Fig. 4.17) confirms the quantum tunneling 
properties in our crystals, and the room temperature micro-Raman spectra are consistent with 
previous studies [6.15]. In this section, we focus on a discussion of the temperature-dependent 
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Raman measurements on Mn12-acetate. In the next two parts, pressure- and field-dependent 
results will be discussed separately. 
 
The symmetry of the Mn12-acetate molecule is the first step in understanding its energy level 
structure and quantum tunneling. Different crystal symmetries will give different terms in the 
spin Hamiltonian. For example, the second-order transverse anisotropy     
    
   is 
forbidden for tetragonal symmetry, and the lowest order transverse term allowed by symmetry 
is the fourth order term     
    
  .  
 
Although there are several experimental results showing a lower symmetry than tetragonal in 
Mn12-acetate, such as  high-resolution inelastic neutron scattering (INS) [6.16] and x-ray 
diffraction measurements [6.17], by now the direct experimental evidence of the lower 
symmetry molecular environment in Mn12-acetate has been lacking. Here we provide the first 
Raman scattering measurements indicating evidence for a clear temperature-dependent 
structural transition in Mn12-acetate, indicating lower crystal symmetry than tetragonal at low 
temperatures. 
 
Polarization-dependent Raman measurements of Mn12 acetate were first performed at room 
temperature. The two phonon modes at 406.5 cm-1 and 603 cm-1 were observed in both ZZ and 
ZX scattering geometries, but the 530 cm-1 mode was observed only in the ZX geometry. At low 
temperatures near 3K, we observed similar polarization-dependent spectra (see Fig. 6.6).   
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Figure 6.6: Polarization-dependent Raman scattering spectra of Mn12 acetate at (lower right) 
room temperature and 3 K.  The diagram at left illustrates the scattering geometries used in the 
measurements.  
 
 
Figure 6.7: (left) Temperature dependence of the high-frequency Raman-active phonon modes 
of Mn12-acetate in the frequency range 400 cm
-1 to 630 cm-1 (right) Summary of the 
temperature dependence of the peak energies of the phonon modes at 530 cm-1 and 406.5 cm-1 
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Figure 6.8: (left) Temperature dependence of the high-frequency Raman phonon modes of 
Mn12-acetate in the frequency range 180 cm
-1 to 260 cm-1 (right) Summary of the temperature-
dependence of the peak energies for the phonon modes near 198 cm-1, 221 cm-1 and 239 cm-1 
 
Fig. 6.7 (left) shows the temperature dependent Raman measurements of Mn12-acetate in the 
high frequency range of 400 cm-1 to 630 cm-1. Fig. 6.7 (right) summarizes the frequency as a 
function of temperature for the two phonon modes, demonstrating that at roughly T = 200 K, 
the peak energy of the phonon mode at 406.5 cm-1 has a sudden decrease (  4 cm-1) and the 
peak energy of the phonon mode at 530 cm-1 has a sudden increase (  6.2 cm-1), suggesting 
that there is a structural change in Mn12-acetate at roughly 200 K.    
 
In the low energy range of 180 cm-1 to 260 cm-1, we observed three phonon modes at 198 cm-1, 
221 cm-1 and 239 cm-1, as shown in Fig. 6.8 (left).   From Fig. 6.8 (right), we can see several 
important features: (1) the phonon mode at 198 cm-1 has a sudden frequency increase ( 9.2 
cm-1) around 200K, which is consistent with the previous results of the phonon mode at 530 
cm-1. (2) Additionally, the phonon mode at 221 cm-1 exhibits a slope change in dE/dT (i.e., in the 
slope of the peak energy plotted vs. temperature) near 200 K. (3) The peak energy of the 
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phonon mode at 239 cm-1 decreases with decreasing temperature, and then near 200 K, this 
phonon mode disappears and two new phonon modes develop in the vicinity of this frequency. 
The above results provide additional support that Mn12-acetate exhibits some type of a 
structural transition at roughly 200 K.   
 
Figure 6.9: temperature dependence of the Raman phonon modes in a range of 40 cm-1 to 70 
cm-1. The shapes of Raman spectra above 200 K become bad and difficult to discern, and the 
red stars in the right figure indicate the possible energy shift position.  
 
Finally, in the very low frequency range of 30 cm-1 – 70 cm-1, we observe the development of a 
new phonon mode near 50 cm-1 (see Fig. 6.9) below 200 K; the temperature at which this peak 
develops roughly coincides with the temperature at which the energies of the 198 cm-1 and 530 
cm-1 modes exhibit sudden changes. This result provides further evidence for a lower-than-
tetragonal crystal symmetry at low temperatures in Mn12.  
 
Our temperature-dependent Raman results indicating a lower symmetry structure transition 
near 200 K in Mn12-acetate support the presence of a second order transverse anisotropy 
    
    
   (rhombic distortion term) in the spin-Hamiltonian describing the magnetic 
properties of this material. This nonzero symmetry-breaking term has been previously 
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suggested by other experiments.  For example, a high-resolution inelastic neutron scattering 
(INS) study on Mn12 clusters shows that a spin Hamiltonian including an additional rhombic 
term,     
    
  , leads to excellent agreement with observed positions and intensities of the 
measured INS peaks shown in Fig. 6.10 [6.16].  This rhombic term requires a deviation from the 
crystallographically determined     molecular symmetry.   
 
 
Figure 6.10: inelastic neutron scattering at 24 K, summed over all scattering angles. The 
peaks are assigned to       . 
 
Symmetry-breaking effects also have been reported in x-ray diffraction measurements [6.17]. 
These results show that the fourfold molecular symmetry is disrupted by a strong hydrogen-
bonding interaction with the disordered acetic acid molecule shown in Fig. 6.11. Up to six Mn12 
isomers are potentially present in the crystal lattice, which differ in the number and 
arrangement of hydrogen-bonded acetic acid molecules. 
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Figure 6.11: Molecular structure at 83 K by x-ray diffraction. Abnormal elongation of atoms give 
a symmetry lower than tetragonal [6.17].   
 
A magnetization measurement has shown that a dominant symmetry-breaking process is a 
locally varying second-order transverse anisotropy and has proven that this second order 
transverse anisotropy is the dominant contribution to the quantum tunneling in Mn12 acetate 
[6.18]. Thus we can say that the tunneling effect in Mn12 acetate is assisted by phonon 
vibrations. 
In summary, at room temperature, we observed phonon modes at 198 cm-1, 221 cm-1, 239 cm-1, 
530 cm-1 and 406 cm-1; these modes are consistent with those observed in a previous study 
[6.15]. Our temperature dependent studies of these modes reveal abrupt peak energy changes 
associated with the  198 cm-1, 406 cm-1 and 530 cm-1 modes at a temperature of roughly 200 K; 
this result clearly indicates that there is a structural transition in Mn12 acetate at roughly 200 K. 
The development below 200 K of two new phonon modes near 239 cm-1 and a new phonon 
mode near 50 cm-1 provide further evidence for a structural transition from a tetragonal high 
temperature phase to a lower crystal symmetry phase below 200 K in this material. Our Raman 
data supports earlier proposals [6.16] that a nonzero symmetry-breaking second-order 
magnetic anisotropy term should be included in the spin Hamiltonian [6.11, 6.18], which would 
be consistent with phonon-assisted tunneling in Mn12 acetate. 
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6.2.2 Magnetic-field-dependent Raman results 
The quantum tunneling in Mn12 acetate is associated with spin orientations below the blocking 
temperature—possibly assisted by phonons—so it is important to study the magnetic field 
dependence of the phonons to clarify the importance of spin-phonon coupling in Mn12 acetate 
and identify specific phonon modes associated with phonon-assisted quantum tunneling.   
 
 
Figure 6.12: (left) Magnetic field-dependence of the phonon mode near 540 cm-1 at 3 K for H in 
the ab-plane. (Right) Summary of the phonon mode linewidth as a function of the applied 
magnetic field with the standard error bar in red color.  
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Figure 6.13: (left) Magnetic field-dependence of the phonon mode near 540 cm-1 at 3 K for H // 
easy-axis. (Right) Summary of the phonon mode peak energies as a function of the applied 
magnetic field.  
Figs. 6.12 and 6.13 show the field-dependent Raman scattering spectrum at 3K for two different 
crystallographic orientations: with the easy axis (c-axis) of the Mn12 net magnetization 
perpendicular to the magnetic field (H), i.e., H || ab-plane, and with the easy axis parallel to the 
magnetic field, i.e., H  ab-plane.   When the magnetic field is parallel to the ab plane, there is 
little change in the 540 cm-1 phonon frequency at 3K with increasing field, as shown in Fig. 6.12 
(left).  However, when the magnetic field is parallel to the Mn12 magnetization direction, the 
540 cm-1 phonon mode splits into two modes at a field of roughly  H=5 T , as shown in Fig. 6.13.   
 
It has been estimated that below   K the magnetization curves are independent of 
temperature and the tunneling proceeds from the ground state of the metastable well. In the 
temperature range           , the phonon-assisted relaxation in Mn12-acetate is 
estimated to be      
              (s-1) [6.19]. It should be possible, in principle, to get an 
estimate of this relaxation rate from our results.  Fig. 6.12 shows that the phonon linewidth 
increases significantly with increasing applied magnetic field. Note that anharmonic (i.e., 
phonon emission) contributions to the phonon linewidth in Fig. 6.12 are insignificant at T=3 K, 
and contributions to the linewidth from instrumental resolution and disorder are independent 
of applied field. Consequently, it is reasonable to assume that the field-induced increase in the 
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phonon linewidth is directly proportional to the molecular relaxation rate (    (linewidth)) at 
T=3 K. Unfortunately, the large errors associated with estimating the phonon linewidth—as well 
as the small number of data points—in Fig. 6.12 make it impossible to make convincing fits of 
the data in Fig. 6.12 (right) to either a linear or exponential fit.  We note, however, that a best 
exponential fit to the data in Fig 6.12 (right) leads to a rough estimate for the molecule 
relaxation time of       
            (where      
    and    7 cm-1 10 K at H=1 T), 
which is comparable to the theoretical value [6.25].   
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Figure 6.14: The 603 cm-1 phonon mode spectra with magnetic field at 3K for H // easy-axis. 
 
Fig. 6.14 shows a magnetic field-dependent shift of the 603.8 cm-1 mode to lower energy 602.6 
cm-1 (   1.2 cm-1) near 5 Tesla, which provide further evidence for spin-phonon coupling 
associated with this phonon mode in Mn12 acetate (see Figs. 6.12 and 6.13). 
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Fig. 6.15: Magnetic field-dependent Raman results of Mn12 acetate at 3.4 K in the frequency 
range 200 to 300 cm-1 for H // easy-axis. 
 
The low temperature (3 K) field-dependent measurements in the low frequency range 200 cm-1 
to 300 cm-1 show that there is no significant change of the phonon frequencies when the easy-
axis is perpendicular to the magnetic field H. However, when the easy-axis is parallel to the 
magnetic field, the peak energy of the phonon mode at 212.3 cm-1 abruptly increases to 215.7 
cm-1 (   cm-1 increase) at H  5 T (see Fig.6.15).  
 
Previous studies suggest that the phonon modes below 600 cm-1 are associated with Mn-O 
vibrations [6.12, 6.15]. Consequently, the field-dependence of the phonon modes at 212 cm-1, 
540 cm-1 and 603 cm-1 shown above indicate that there is strong spin-phonon interaction for 
vibrations in this energy range involving the spin carrying Mn ions in Mn12 acetate. Theoretical 
work is ongoing to determine the normal modes associated with these strongly spin-phonon 
coupled vibrations. 
 
Our field-dependent Raman data are consistent with the strong phonon-spin interactions 
suggested by both theoretical studies [6.12] and experimental far-infrared spectra [6.13, 6.14]. 
Specifically the phonon modes located near 210 cm-1 and 540 cm-1  roughly correspond to the 
270 cm-1 and 465 cm-1 modes that theoretical calculations suggest should couple strongly to the 
spin in Mn12 [6.12, 6.15]. M.R. Pederson et al., [6.12], furthermore, showed that the vibron-spin 
79 
 
coupling accounts for most of the fourth-order anisotropy and they estimated the tunneling 
barrier to be about 6.2 K. Although the quantum tunneling mainly comes from the second-
order transverse anisotropy, our field-dependent Raman data suggests that phonon-spin 
interactions make a dominant contribution to the fourth-order transverse term shown in Fig 6.4 
and contributes significantly to the anisotropy energy barrier. Perderson’s calculation [6.12] 
shows that most (85%) of the fourth-order barrier is associated with the frequencies in the 100-
500 cm-1 range that correlates with Mn vibrations, and furthermore the phonon modes in the 
upper panel of the Fig.6 account for about 80%-90% of the fourth-order anisotropy barrier.   
 
Mainly there are two different models for how disorder affects the magnetic quantum 
tunneling in Mn12-acetate. Chudnovsky and Garanin [6.10] proposed that random line 
dislocations in a crystal, via magneto-elastic interactions, are the main reason for a lower 
molecule symmetry and a broad distribution of tunneling rates.  On the other hand, the Cormia 
model [6.11] which is based on a detailed x-ray analysis, proposed that the vibrations in the 
position of the two hydrogen-bonded acetic acid molecules surrounding the Mn12 clusters lead 
to a discrete set of isomers with lower symmetry than tetragonal. Our temperature-dependent 
Raman scattering results show that there is a structural transition at low temperatures, 
indicating a lower symmetry in Mn12-acetate, which is consistent with Cormia’s model. But in 
contrast to Cormia’s model, our data shows that the vibron-spin coupling makes an important 
contribution to the transverse anisotropy and therefore to the tunneling barrier. Further 
studies are needed to show the relationship between the hydrogen-bonded acetic acid 
vibrations (x-ray data) and spin-phonon interactions (Raman and infrared) involving the 
disorder in Mn12-acetate. 
 
In the absence of transverse fields, the symmetry breaking terms in the Hamiltonian are due to 
the transverse anisotropy of the molecules. Both the second-order and fourth-order transverse 
terms cannot account for the observed odd resonances and they would only lead to the 
tunneling selection rule                 . It is commonly believed that the tunneling 
relaxation at odd resonances is due to the presence of local transverse magnetic fields [6.18, 
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6.20]. But there is no agreement on a microscopic description of how the odd resonances 
happen. Chudnovsky et al., [6.10] suggested that local rotations of the anisotropy axes due to 
dislocations are responsible for the odd tunneling resonances. The Cormia model [6.11] 
attributes the odd resonances to the small tilts of the molecular axis of the isomers. Other 
possibilities include transverse dipolar and nuclear fields or dislocations. But there is no direct 
experimental evidence to support these proposals. Our field-dependent Raman data provide a 
clear microscopic picture for the field-induced spin disorder responsible for the odd resonances. 
Previous studies have shown that a magnetic field applied parallel to a medium magnetic axis 
produces a larger splitting due to tunneling than the same field applied along a hard axis 
direction [6.20].  The field-induced phonon splitting near 540 cm-1 and energy shift near 603 cm-
1 under the condition of an applied field parallel (or close) to the easy-axis (c-axis) indicates a 
strong spin-phonon interaction. Moreover, an energy of  5 K (5 tesla) is needed to overcome 
the spin fluctuations, leading to a small tilt of the anisotropy axes and consequently a non-zero 
component of the local transverse term          , where   is a small angle between the 
field direction and the easy axis. It has been shown previously that this field-induced small tilt 
along the anisotropy axis is responsible for the spin tunneling [6.19].  When the field is in the 
ab-plane, no obvious spin-phonon interaction observed (no anisotropy tilt), giving a weaker 
contribution to the tunneling. Our field-dependent Raman data also suggests that the nonzero 
symmetry-breaking terms can be affected by a magnetic field above 5T. The estimated value of 
the Zeeman splitting is                   (4.33cm
-1).  
 
In summary, our field-dependent Raman measurements confirm the presence of vibron-spin 
coupling involving the spin carrying Mn3+ ions. The field-dependence of phonon modes located 
near 210 cm-2, 540 cm-1, and 603 cm-1 suggest that spin-phonon coupling associated with these 
modes contributes to the fourth-order anisotropy (about 8%-90% according to the theoretical 
estimate [6.12]). In contrast to both the Chudnovsky and Cornia models, our Raman data shows 
that the spin-phonon interaction makes an important contribution to the transverse anisotropy 
(and tunneling barrier) at low temperatures.   
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Moreover, a field applied in the ab-plane produces a much weaker spin-phonon interaction 
than the field applied parallel to the easy-axis, which can lead to a small tilt of the anisotropy 
axes and consequently a non-zero component local transverse term Hx (or Hy) responsible for 
the odd resonance tunneling in Mn12-acetate. 
 
6.2.3 Pressure-dependent Raman results 
The quantum tunneling in Mn12 acetate is governed by the large axial magnetic anisotropy, 
which is mainly associated with Jahn-Teller distortions of the eight octahedrally coordinated 
Mn3+ ions that are in near alignment with the magnetic easy axis [6.21]. High pressure has been 
shown to be a good way to tune the spin, phonon and structural degrees of freedom [6.22]. So 
we are interested in determining if applied pressure can change the anisotropy barrier and the 
related relaxation rate of Mn12 acetate at low temperatures.  A previous report has shown that 
the blocking temperature in Mn12 acetate decreases with increasing pressure [6.23]. But 
inelastic neutron scattering measurements under pressure suggest that there is an increase in 
the axial anisotropy of Mn12 acetate isomers with pressure [6.24].  In an effort to have a better 
understanding how high pressure affects phonon-assisted quantum tunneling, we performed 
pressure-dependent Raman measurements at 3K on single crystal Mn12-acetate.   
 
Figure 6.16: (left) Pressure-dependent Raman scattering results for Mn12-acetate, for phonons 
in the frequency range of 500 to 640 cm-1 at 3 K. (right) Summary of the peak energy and 
linewidth of the phonon mode at 542 cm-1 as a function of applied pressure.  
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Figure 6.17: (left) Pressure-dependent Raman scattering results for Mn12-acetate in the 
frequency range 225 cm-1 to 250 cm-1, showing the pressure dependence of the 230 cm-1 
phonons mode at 3 K. (right) Summary of the peak energies of the 230 cm-1 phonon mode as a 
function of pressure. The Raman spectra above 15 kbar become difficult to discern, and the red 
stars indicate the possible peak positions.  
 
Our pressure-dependent Raman measurements (see Figs. 6.16 and 6.17) show that there is a 
significant change of the phonon mode energies with applied pressure at T=3 K. Specifically, 
there is a 9.7 cm-1 increase of the 541 cm-1 phonon mode energy from 541.7 cm-1 to 551.43 
cm-1, and a 11.2 cm-1 increase of the 230 cm-1 phonon mode energy from 230 cm-1 to 241.2 
cm-1. A pressure-induced phase transition near 14.5kbar (see Fig. 6.16 right) also was observed 
in the low frequency mode shown in Fig. 6.17 (right).  
 
One possible interpretation of the above results is as follows: applied pressure breaks the 
symmetry of the eight octahedrally coordinated Mn3+ ions and leads to a weaker Mn-O 
interaction. When the pressure is above 15 kbar, the asymmetric distortion reaches a maximum 
value, which shows a tendency toward saturation, as suggested by the Raman spectrum shown 
in Fig. 6.17.  It is noted that a similar structural change within the Mn3+ center was reported in a 
high pressure x-ray diffraction and magnetic measurement [6.21]: at 1.5 GPa, the Jahn-Teller 
elongated bonds become more asymmetric and the Mn-O distances span the range from 1.94   
to 2.082  ; however, at pressures between 1.5 and 2.5 GPa, the Jahn-Teller bonds do not 
83 
 
change significantly with pressure.  This suggests that the saturation of the pressure-induced 
change in the Raman spectrum shown in Fig. 6.17 (right) is associated with a saturation in the 
pressure-induced Jahn-Teller distortion. 
 
6.3 Summary 
Mn12 acetate has a clear polarization-dependent Raman spectrum at room temperature and 
low temperatures. Anomalous phonon behavior was observed near 200 K, indicating a lower 
crystal symmetry at low temperature, associated with Mn ions distortions. These results 
support the inclusion of a second-order rhombic term      
    
   in the spin Hamiltonian for 
Mn12-acetate. The phonon modes at 198 cm
-1, 221 cm-1, 239 cm-1, 530 cm-1 and 406 cm-1 
involving the Mn ion vibrations are consistent with previous theoretical and infrared studies 
and are likely to contribute to the fourth-order anisotropy energy. Our field-dependent 
measurements at T  3 K show that a magnetic field oriented perpendicular to the Mn12 
magnetization direction (the “hard plane” directions) does not affect the phonon vibrational 
energies. However, when the magnetic field is oriented along the easy-axis direction, there is a 
clear phonon mode splitting at 540 cm-1, indicating a strong spin-phonon coupling associated 
with this phonon mode in Mn12 acetate. An applied field oriented in the longitudinal direction 
induced a small tilt of the anisotropy axis responsible for the odd resonance tunneling. The 
molecular relaxation rate (inferred from the linewidth of the Raman-active phonon) increased 
under applied magnetic field, indicating an important spin relaxation contribution to QTM at 
low temperature 3 K. Pressure-dependent Raman results at T=3 K show a structural transition 
within the Mn3+ center near 15 kbar; this transition is believed to correspond to a saturation of 
the pressure-induced Jahn-Teller distortion.  
 
Our Raman scattering results raise some important questions that merit further studies, for 
example, the relation between the hydrogen-bonded acetic acid vibrations and spin-phonon 
interactions involving disorder in Mn12-acetate.  Which of these effects contributes most to the 
quantum tunneling rate remains an open question. 
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Chapter 7 Conclusions 
 
In this thesis, I have described the results of our Raman scattering studies on two different 
correlated systems, KCuF3 and Mn12-acetate, as a function of temperature, magnetic field and 
pressure. The main focus of our measurements was a study of how the interactions between 
spin, orbital and lattice degrees of freedom affect the novel low temperature phase behavior of 
these materials under pressure and magnetic field conditions.  
 
In KCuF3, we provided evidence suggesting that KK-type orbital ordering does not occur at high 
temperatures, as is commonly believed; this evidence includes the observation of temperature-
dependent phonon mode softening and the tetragonal-to-orthorhombic structural transition 
near 50K at temperatures slightly higher than the onset of Néel order, TN=40 K. Instead, we 
believe that the orbital ordering transition in KCuF3 takes place in two steps: the first transition 
near 800K removes some of the d-electron level degeneracy, but leaves a pair of nearly 
degenerate hybrid states which have similar orbital configurations but different in-plane spin 
correlations. The second transition near 50 K stabilizes the lowest energy orbital state. The 
intermediate temperature regime between 50 K and 800 K is associated with orbital-, 
structural- and spin-fluctuations driven primarily by vibrations of the F-ions. Pressure-
dependent, low- temperature Raman measurements show that applied pressure above       
kbar suppresses this low temperature structural phase transition temperature to zero 
temperature in KCuF3, resulting in the development of a quasielastic fluctuational response 
near T  0 K. This pressure-induced fluctuational response—which we associate with slow 
fluctuations of the CuF6 octahedral orientation—is temperature independent and exhibits a 
characteristic fluctuation rate that is much larger than the temperature, consistent with 
quantum fluctuations of the CuF6 octahedra. A model of pseudospin-phonon coupling provides 
a qualitative description of both the temperature- and pressure-dependent evolution of the 
Raman spectra of KCuF3. 
 
In Mn12 acetate, we first measured a clear polarization-dependent Raman spectrum at room 
temperature and low temperatures. Then, temperature-dependent Raman measurements 
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showed an anomalous shift of phonon energies near 200 K, indicating a lower crystal symmetry 
at low temperature. These results support the inclusion of a second-order rhombic term  
    
    
   in the spin Hamiltonian, which would be consistent with phonon-assisted tunneling 
in Mn12 acetate. The phonon modes at 198 cm
-1, 221cm-1, 239 cm-1, 530 cm-1 and 406 cm-1, 
which involve the Mn ion vibrations, are consistent with previous theoretical and infrared 
studies and make an important contribution to the fourth-order anisotropy energy. Our field-
dependent measurements at T  3 K show that a magnetic field oriented perpendicular to the 
Mn12 magnetization direction (the “hard plane” direction) does not affect the phonon 
vibrational energies. However, when the magnetic field is oriented along the easy-axis direction, 
there is a clear phonon mode splitting at 540 cm-1, indicating a strong spin-phonon coupling 
associated with this phonon mode in Mn12 acetate. An applied field oriented in the longitudinal 
direction induced a small tilt of the anisotropy axis responsible for the odd resonance tunneling. 
The molecular relaxation rate (inferred from the linewidth of the Raman-active phonon) 
exhibits a significant increase with applied magnetic field at 3 K, further suggesting that this 
mode is associated with phonon-assisted QTM. Pressure-dependent Raman results at T=3 K 
show a structural transition within the Mn3+ center near 15 kbar; this transition is believed to 
correspond to a saturation of the pressure-induced Jahn-Teller distortion. Our Raman scattering 
results raise some important questions that motivate further studies. For example what is the 
relationship between the hydrogen-bonded acetic acid vibrations and spin-phonon interactions 
involving the disorder in Mn12-acetate, and which of these effects contributes most to the 
quantum tunneling rate? 
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